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Abstract 
This thesis describes the synthesis of a series of bis(quinolinolato)aluminium ethyl, (quinolinolato) 
gallium and (quinolinolato)zinc ethyl compounds which have been synthesised and fully characterised 
using spectroscopic techniques, elemental analyses and in some cases single crystal X-ray diffraction. 
The compounds are shown to be active initiators for the ring-opening polymerization of rac-lactide, 
with the activity being dependent on the metal, zinc > gallium > aluminium. All initiators show 
characteristics consistent with a controlled polymerization: predictable molecular weights and narrow 
polydispersities. The bis(quinolinolato)aluminium ethyl initiators all promote iso-selective ring-
opening, with iso-selectivity values between 0.57 and 0.76. The degree of iso-selectivity is attributed 
to the steric hindrance imposed by the substituents on the ligands. The related gallium compounds 
show increased activity, whilst maintaining the good degree of stereocontrol.  
A series of yttrium phosphasalen compounds are also described and their activity for the ring-opening 
polymerization of rac-lactide is reported. The series of compounds vary at the diimine linker, the 
phenoxide substituents and at the alkoxide group. The compounds all show the rapid and controlled 
initiation of the ring-opening polymerization of lactide. The activity of the initiators was found to be 
dependent on the diimine linker: ethylene > cyclohexene > phenylene > propylene, and on the 
electron donating ability of the phenoxide substituent. All the initiators exerted a good degree of 
stereocontrol on the polymerization. Interestingly, the tacticity of the polymer was seen to switch 
from heterotactic polylactide (Ps 0.87) to isotactic polylactide (Pi 0.86), with the inclusion of an 
additional bonding nitrogen moiety in the diimine linker. The formation of isotactic polylactide using 
Group 3 initiators is extremely rare. 
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Ph      phenyl 
PLA      polylactide 
ppm      parts per million 
q      quartet 
r      radius 
rs      hydrodynamic radius 
rac      racemic 
ROP      ring-opening polymerization 
ROESY     rotating frame Overhauser effect spectroscopy 
s      singlet 
t      triplet 
Tg      glass transition temperature 
THF      tetrahydrofuran 
Tm      melting temperature 
tert      tertiary  
v       virtual 
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1.1 Bio-derived Polymers 
It has been well documented that the demands on the World’s petrochemical resources far surpass the 
current reserves. Significant evidence predicts that peak oil is already upon us, and more desperate 
measures are now required to access the Earth’s dwindling fossil-fuel supplies.1  
Whilst the major usage of petrochemical reserves is fuel based, a substantial portion is used for 
products such as chemicals, including polymers. Most common commodity polymers, such as 
polystyrene, polyethylene and polypropylene, are derived from these finite, non-renewable 
petrochemical based sources. Not only are such plastics non-renewable, they are also environmentally 
persistent.  
The issue of waste disposal is intrinsically linked with most commodity plastics. Current European 
usage figures suggest that 39 % of all plastics are used for short service-life applications, such as 
packaging.
*
 In 2011, 250 million tons of municipal solid waste (MSW) was generated by America 
alone, with around 13 % accounting for plastic waste. Of these 250 million tons, around 87 million 
was recycled or composted. Whilst figures show that over the last 20 years recycling has increased at 
an exceptional rate, the largest proportion of MSW still ends up in landfill sites or in other waste 
disposal streams.
†
 
One strategy to alleviate the demands placed upon the already strained petrochemical industry is to 
find alternative sources from which to synthesise polymeric material. Bio-derived polymers offer such 
an alternative. The term bio-derived implies that all the carbon content of the material is derived from 
renewable resources, this includes plant and animal based materials. In plant-based materials the 
carbon source is obtained by the fixation of CO2 by photosynthesis. Common plant-based sources are 
high in starch content i.e. corn, potatoes, sugar beet. 
                                                     
*
  Figures from Plastics Europe, Association of Plastics Manufactured, accessed 23
rd
 July 2013. 
†
  Figures from US Environmental Protection Agency, accessed 23
rd
 July 2013. 
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European Bioplastics suggests that in 2011 around 1 million metric tonnes of bio-derived plastics 
were produced, that figure is set to rise to 5 million tonnes, by 2016. It is estimated that around 40 % 
of current bio-derived plastics are also degradable.
‡
 
Bio-derived polymers are not without their caveats and there are a number of controversial 
environmental and economic issues closely associated with them.
2
 
 Farming of crops for chemical applications may result in competition with food production, 
ultimately leading to a rise in food costs. Although small scale production can be achieved 
with starch residues/by-products from other processes. 
 The intensified farming, associated with the large volumes of raw materials, requires 
increased energy and fertilizer usage. 
  The increasing demand for land, required by large scale crop production, may accelerate 
deforestation, thus reducing natural CO2 uptake streams. 
 The additional energy requirements for refinement and processing of raw materials can 
significantly increase the environmental impact of bio-derived polymers. 
There are clear challenges associated with the manufacture and use of bio-derived polymers. 
However, with the source of most large scale commercial polymers diminishing, it is imperative that 
sustainable alternatives are sought.
3
 
 
 
 
 
 
 
                                                     
‡‡
 Figures from European Bioplastics, accessed 23
rd
 July 2013. 
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1.2 Polylactide (PLA) 
1.2.1 Introduction 
Poly(lactic acid), or polylactide (PLA), is an aliphatic polyester comprised of lactide (LA) repeat 
monomer units. Along with other aliphatic polyesters, such as polyhydroxybutyrate (PHB), PLA has 
received significant attention over recent years as a viable and sustainable replacement for 
polyolefins. PLA is a bio-derived and degradable polymer, which offers both an alternative to 
petrochemical based polymers and obviates landfill problems (Fig. 1.1).  
 
Fig. 1.1: The lifecycle of polylactide (PLA).
4
 
 
Interest in PLA as a commercially viable packaging material has emerged over the last 20 years, 
although the polymer itself was first reported by Carothers and co-workers in 1932.
5
 From the 1970s, 
PLA has been used in biomedical products, but the easy degradation prevented its use in more 
mainstream applications. However, the need for sustainable polymer resources combined with 
improvements to manufacturing processes saw PLA transformed into a viable consumable. The 
largest current manufacturer of PLA is NatureWorks LLC, producing around 140 000 tonnes of 
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polymer per year.
§
 A range of products made of PLA are currently marketed, these primarily include 
short shelf life products for food storage, packaging and waste disposal (Fig. 1.2).  
 
 
Fig. 1.2: Products made using PLA. 
 
There is however an emerging market for everyday products which range from pens to mobile 
phones. Polylactide can also be made into fibres, which are then incorporated into clothing, soft toys, 
nappies, household items and even car interiors.
6
 
It is important for a degradable polymer to be able to fulfil its intended function, decomposing only 
under an environmental trigger. Polylactide degrades via a two-step process, and under suitable 
conditions the degradation can occur within the environment. The first stage of degradation involves 
the hydrolysis of long-chain polymers into lower molecular weight units. In the environment, 
esterases secreted by soil microorganisms then continue the degradation process forming metabolites, 
such as lactic acid, which ultimately are converted to CO2 and water.
7
 
                                                     
§
 Figures from Natureworks LLC, accessed 15
th
 August 2013. 
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1.2.2 Lactide synthesis 
The lactide monomer is a cyclic dimer of lactic acid, a product of the fermentation of glucose, 
obtained from high-starch-content plants, such as corn or sugarcane. The fermentation processes 
usually employ homolactic organisms, and use a highly efficient amine looping process to recover the 
lactic acid.
8
 Lactic acid can also be obtained via chemical syntheses; however, fermentation routes are 
preferred as they are economically more favourable and the stereochemistry of the resultant lactic acid 
can be controlled (SS-LA formed, vide infra).
8c
 
 The first economically viable route to the formation of LA was marketed by Cargill Dow LLC in the 
1990s, and involved the condensation reaction of lactic acid, followed by depolymerisation of the low 
molecular weight polymer formed (vide infra).
7a, 8a, 9
 There are three possible stereoisomers of lactide, 
SS-LA, RR-LA and RS-LA (Fig. 1.3). The racemic mixture of SS-LA and RR-LA is referred to as rac-
LA. 
 
Fig. 1.3: The three stereoisomers of lactide (LA). 
 
1.2.3 Polylactide synthesis 
There are two main approaches used to form PLA from lactic acid. The first is via the direct 
polycondensation of lactic acid and the second is via the ring-opening polymerization (ROP) of the 
cyclic dimer, lactide (Fig. 1.4). 
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Fig. 1.4: Synthetic route to PLA. 
 
The direct polycondensation reaction suffers limitations, due to the reversible nature of the process 
and the difficulties associated with the removal of water produced during the reaction.
9
 Furthermore 
this process leads to PLA with a wide distribution of molecular weights. It is possible to increase the 
molecular weight by cross-coupling small chain oligomers using additional coupling agents.
8c, 10
  
The removal of water, and depolymerisation of the short chain polymer in the presence of a catalyst, 
leads to the formation of cyclic monomers, the most favoured being the six-membered lactide ring. 
The lactide monomer unit can then be ring-opened, in the presence of an initiator, to form a growing 
polymer chain. The ring-opening polymerization (ROP) reaction provides a more controlled 
polymerization route, affording high molecular weight polymers, without the need for additional 
reagents and enables narrow polydispersities, end-group control and stereocontrol. The ring-opening 
polymerization reaction is the preferred route in the commercial manufacture of PLA.
7a
 
 
1.2.4 Ring-opening polymerization 
Ring-opening polymerization reactions are initiated and controlled by a wide range of metal 
complexes or organic species.
4, 11
 There are two proposed mechanisms by which the ring-opening 
polymerization reaction may occur: an activated monomer mechanism or a coordination-insertion 
mechanism. Whilst organocatalytic and cationic initiators operate via an activated monomer 
mechanism, it is widely accepted that majority of neutral metal based complexes operate by a 
coordination-insertion mechanism; this is supported by extensive literature precedent.
12
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In the activated monomer mechanism, the lactide unit is activated to attack by exogenous alcohol by a 
nucleophilic substrate, forming a ring-opened alcohol (Fig. 1.5);
13
 phosphines, pyridine and N-
heterocyclic carbenes are all proposed to initiate by this mechanism. 
 
Fig. 1.5: Activated monomer mechanism; Nu = nucleophile. 
 
The most common initiators for the coordination-insertion mechanism are Lewis acidic metal 
alkoxide or amide complexes. Successful initiators need to be sufficiently Lewis acidic to enable 
binding and activation of the lactide unit and have a labile metal alkoxide (or amide) bond to enable 
efficient insertion. The coordination-insertion mechanism, illustrated in Fig. 1.6, involves the Lewis 
acidic metal centre weakly coordinating the lactide monomer unit. The lactide, once activated, is 
attacked by the metal alkoxide group. The putative intermediate then undergoes ring-opening of the 
lactide by an acyl bond cleavage and a new metal alkoxide bond is formed. The growing chain end is 
capped with the -OR group. The other end of the chain becomes an OH group after hydrolysis of the 
O-M growing chain end, during polymer work up. This sequence is subsequently repeated in order to 
produce a growing polymer chain. Due to the relief of the lactide ring strain, the reaction is 
thermodynamically favourable at room temperature (ΔH = -22.9 kJ/mol, for 1 M solution of SS-
lactide).
14
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Fig. 1.6: Coordination-insertion mechanism; M = metal, OR = alkoxide group, Ln = ligand(s). 
 
 
This thesis focuses on initiators that operate by a coordination-insertion mechanism, not an activated 
monomer mechanism. Thus, all future discussions will focus on the coordination-insertion 
mechanism. 
A wide range of metal complexes have shown precedence for the ROP of LA, such as Sn(II), Zn(II), 
Mg(II), Ca(II), Al(III), In(III), Y(III), La(III), selected lanthanides, Group 4 metals, and have been the 
subject of numerous review articles.
4, 11a-c, 15
 In this thesis, we are interested in Groups 3 and 13. As 
the literature is substantial, each chapter begins with a specialised review of relevant literature. In this 
introduction, some general features of polymerization initiators are examined. There are a number of 
factors that must be taken into consideration when selecting viable initiators for the ROP of LA e.g. 
rate of polymerization, polymerization control, tolerance, cost of initiator versus polymer produced, 
toxicity of the metal, and the properties of the resulting polymer. 
 
1.2.5 Polymerization Kinetics 
Understanding the kinetics of a polymerization is important in order to compare the activity of 
initiators and to better understand the nature of the ROP reaction. Comparison of the propagation rate 
constant, kp, which is obtained from the rate law, allows true assessment of initiators.  
26 
 
Chapter 1 
 
The rate law of the polymerization should be considered in terms of the rate of initiation, ki, 
propagation, kp, and depropagation, kd. However, both the initiation and depropagation steps are 
omitted from the rate law. This is because in a polymerization that displays ‘living’ characteristics the 
rate of initiation is fast, ki ≥ kp, therefore the rate of polymerization should not be dependent on ki. 
Additionally, the rate of depolymerization is negligible, kp > kd, thus the rate of polymerization is not 
dependant on kd. Polymerizations generally obey a first-order dependence on monomer (lactide) 
concentration and are first-order in initiator concentration: 
 
 [  ]
  
   [  ][ ] 
  
Where kp = propagation rate constant, [LA] = lactide concentration, [I]0 = initial concentration of the 
initiator, n = order in initiator. 
The propagation rate constant is obtained by performing experiments in which one variable, either 
[LA] or [I], is maintained constant, and the other is altered i.e. constant [I] and variable [LA]. This 
assumes pseudo first-order rate kinetics: 
 
 [  ]
  
     [  ] 
Where kobs= observed rate constant, [LA] = lactide concentration. 
If full kinetic analysis is not conducted, then the observed rate constant, kobs (sometimes denoted kapp), 
may be reported instead of the propagation rate constant, kp. The kobs value is point kinetic data, only 
holding for a particular set of experimental conditions and parameters. It is useful for comparison of 
initiators if a common set of conditions are applied i.e. same lactide concentration [LA], initiator 
versus lactide loading [I]:[LA] and temperature. A common set of polymerization conditions used in 
the field are a lactide concentration of 1 M and an initiator concentration of 10 mM (1 mole %) i.e. 
1:100 [I]:[LA]. Where possible, polymerization results reported in this thesis will be conducted under 
these conditions, allowing easy comparisons with literature compounds. 
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1.2.6 Polymerization Control 
Good polymerization control is an important feature in a successful initiating system. In order for a 
polymerization to be described as controlled, a number of criteria must be fulfilled; a linear increase 
of Mn with percentage conversion, narrow polydispersity index (PDI), high rate of initiation (ki) 
versus rate of propagation (kp), continuation of the growing polymer chain on addition of further 
monomer (i.e. block copolymer formation), and limited transesterification reactions.
16
 There are two 
types of transesterification, intermolecular transesterification (a, Fig. 1.7), which occurs between 
different chains and forms polymers of varying chain lengths. And intramolecular transesterification 
(b, Fig. 1.7), which occurs within the same polymer chain, leading to cyclic oligomers. 
 
Fig. 1.7: a. Intermolecular transesterification b. Intramolecular transesterification 
 
The degree of transesterification can be assessed by Gel Permeation Chromatography (GPC), where 
an increase in PDI is observed, or by MALDI-ToF mass spectrometry where additional series may be 
observed as well as chains with an odd number of lactide repeat units. In the latter case, a polymer 
series with a repeat unit of 72 amu (half the molecular weight of a LA unit) is observed, instead of a 
series with a repeat unit of 144 amu, which would be expected from a ROP reaction where no 
transesterification had occurred. 
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1.2.7 Stereochemistry 
Polylactide can adopt different stereochemical conformations, depending on the chirality of the lactide 
monomer unit (Fig. 1.8). Interestingly, the stereochemical nature of the polymer influences certain 
physical properties, such as the melting temperature. 
 
Fig. 1.8: Some possible tacticities of polylactide. 
 
The enantiopure monomer, either SS-LA or RR-LA, will ring-open polymerize to form isotactic PLA 
(in the absence of epimerization), where one monomer unit is coupled to another monomer unit with 
the same stereochemistry. The racemic mix of enantiomers, rac-LA, gives rise to a variety of 
stereochemistries. There are three possible stereo outcomes from the ring-opening polymerization of 
rac-LA: 
1. Atactic PLA – no control in tacticity. 
2. Stereoblock PLA – sections of isotactic poly(SS)lactide and  poly(RR)lactide within the same 
polymer chain. 
3. Heterotactic PLA – alternating incorporation of SS-LA and RR-LA. 
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Purely isotactic poly(SS)lactide or poly(RR)lactide are semi-crystalline polymers, with a melt 
temperature (Tm) of around 160-170 °C. The atactic PLA, formed from rac-LA, is an amorphous 
polymer with no defined melt temperature. Nevertheless, current commercially available polylactide 
has an atactic microstructure. When rac-LA is polymerized in an isotactic fashion to form stereoblock 
PLA, a semi-crystalline polymer is obtained with a defined Tm (170 – 230 °C), in line with the degree 
of isotactic enchainment.
17
 
Interestingly, mixtures of poly(SS)lactide and  poly(RR)lactide have been shown to have elevated 
melting temperatures, up to 230 °C.
18
 This increase in Tm occurs due to intermolecular crystallisation, 
or co-crystallisation, of the polymer chains resulting in tighter packing and more chain interactions.
18b
 
The expense of purification required to obtain pure SS-LA and RR-LA has thus far prevented blends 
of poly(SS)lactide and poly(RR)lactide from being a viable route to stereocomplex PLA. The potential 
to form high melting point polymer from racemic lactide is therefore an attractive alternative. 
Stereoblock PLA with high isotactic enchainment also displays such co-crystallinity and thus forms a 
polymer with enhanced thermal properties. 
The formation of stereoblock PLA from rac-lactide was first recognised by Spassky and co-workers 
in 1995. A chiral Schiff’s base aluminium alkoxide initiator, Fig. 1.9, was found to produce polymers 
with a high enantiomeric excess. The polymers formed did not display melting points to match those 
of stereocomplex PLA, however they were significantly higher than those observed for the 
homopolymer. It was postulated that the formation of stereocomplexes was occurring between 
polymers with some degree of enantiomeric excess and this led to polymers with a Tm of 
approximately 180 °C. This type of polymer morphology is referred to as stereo-block or 
stereogradient PLA. 
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Fig. 1.9: Salen-aluminium alkoxide initiator. 
 
Over the subsequent years, research into the formation of stereogradient PLA has seen the 
development of many new metal based initiating systems. Further discussion of initiators that promote 
the iso-selective ROP of rac-LA will, where relevant, be discussed at the start of each chapter. 
The tacticity of PLA can be assessed by analysis of the NMR spectra.
19
 This can be carried out either 
by analysis of the homonuclear decoupled 
1
H{
1
H} NMR spectrum, analysed at the tetrad level, or by 
analysis of the 
13
C{
1
H} NMR spectrum (carbonyl region). Fig. 1.10 illustrates the assignment of the 
tetrads in the methine region of the homonuclear decoupled 
1
H{
1
H} NMR spectrum. 
 
 
Fig. 1.10: Methine region of the homonuclear decoupled 
1
H{
1
H} NMR spectrum of moderately 
isotactic PLA (Pi = 0.63).
19
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The probabilities of a particular diad stereochemistry can be calculated using Bernoullian statistics; 
and equations relating to each tetrad are given in Table 1.1.
19
 The value is obtained by comparison of 
the experimentally determined tetrad integrals with the probability that a particular tetrad would 
occur. 
Table 1.1: rac-Lactide tetrad probabilities based on Bernoullian statistics. 
Tetrad Probability 
sis   
 
 
 
sii     
 
 
iis     
 
 
iii 
  
  
    
 
 
isi    
        
 
 
 
 
The overall iso-selectivity, Pi, is then determined, using an average of the values obtained from all 
five equations. The Pi (often denoted Pm) represents the probability of forming a new i-dyad. Ps (often 
denoted Pr) is the probability of forming a new s-dyad. 
For a value of 0 < Pi < 0.5, the polymerization proceeds preferentially through a heterotactic 
enchainment and for a value of 0.5 < Pi < 1, the polymerization proceeds preferentially through an 
isotactic enchainment. 
There are two mechanisms by which an initiator can allow iso-selectivity in the ROP of rac-LA, these 
are a chain-end control (CEC) mechanism or an enantiomeric site control (ESC) mechanism. Analysis 
of the minor defect tetrads, resulting from stereoerror (i.e. not iii, in the case of isotactic PLA), can 
provide information about the mechanism of the stereocontrol. Fig. 1.11 shows the linkage of the 
pairwise addition of sequential lactide units it both ESC and CEC. 
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Fig. 1.11: PLA 1, chain-end control; PLA 2, enantiomeric site control, where i and s are the relative 
stereochemistry of a pairwise addition of lactide units, i isotactic enchainment, s syndiotactic 
enchainment. 
 
 
For an initiating system operating by an enantiomeric site control mechanism any defects are 
‘corrected’ in a different way to in an initiating system operating by a chain-end control mechanism, 
thus different ratios of the defect peaks occur. For a chain-end control (CEC) and enantiomeric site 
control (ESC), the relative integrals should be in the ratio 1:1:1 (sii/isi/iis) or 1:2:1:1 (iis/isi/sis/sii), 
respectively. Enantiomeric site control occurs when using chiral initiators, with the chirality of the 
metal complex determining the selectivity for a particular enantiomer of lactide. In chain-end control, 
it is the last inserted monomer unit that determines the stereochemistry of the next lactide unit. Chain-
end control mechanisms can form both isotactic and heterotactic PLA. 
 
When the stereocontrol occurs by a chain-end control mechanism, a stereochemical defect results in 
the stereochemistry of the defect being propagated along the chain until the next defect occurs (PLA 1 
in Fig. 1.11). If a stereochemical defect occurs in a polymerization using an initiator that exhibits 
enantiomeric site control, the mistake will be rectified with the next incoming lactide unit (PLA 2 in 
Fig. 1.11). This is because it is the chirality of the metal centre which determines the PLA tacticity 
and not that of the last inserted lactide unit. 
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1.2.8 Outlook 
Over the last 20 years a vast amount of research has been conducted, in an attempt to create 
commercially viable replacements to the ubiquitous polyolefin based materials. Polylactide, a bio-
derived and bio-degradable plastic, is a possible renewable alternative. Whilst there is still 
controversy surrounding the sustainability of the commercial synthesis of polylactide and other bio-
polymers, they are undoubtedly a step forward from relying solely on finite petrochemical resources.  
Current commercial polylactide products are starting to find their place in the packaging and 
consumer goods markets. However, it is apparent that more work can be undertaken in order to 
optimise the properties of the PLA. Understanding the fundamental principles relating to the synthesis 
of polylactide is important in order to realise the full potential of the polymer.  
The ring-opening polymerization of lactide has thus far been shown to be the most efficient and 
controlled means by which to form polylactide. Much research has been conducted into properly 
understanding the reaction kinetics and polymerization control for various initiating systems, with 
Groups 2, 3, 4 and 13 initiators all being widely reported. However, despite remarkable research 
efforts in the field, relatively little is known about the methods and factors which regulate the 
stereocontrol of polylactide. Since the early reports of aluminium salen complexes, there have been 
relatively few new initiating systems reported that display high levels of stereocontrol, in particular 
iso-selectivity. The development of new initiating systems with high levels of stereoselectivity is 
therefore an important goal. Ultimately understanding such factors which control rate and 
stereochemistry will lead to more usable and marketable end products. 
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1.2.9 Aims and Objectives 
This thesis focuses on the synthesis of Group 3 and Group 13 initiators for the ring-opening 
polymerization of rac-lactide. The new initiating systems should fulfil a number of criteria, in order to 
be deemed successful:  
 The initiators should exhibit high rates. An ideal system should be capable of polymerizing 
high loadings (> 5000 equiv.) of lactide on the minute timescale. 
 Initiators should demonstrate a good degree of polymerization control. This includes 
molecular weights closely matching those based on initial lactide concentrations, a linear 
increase in molecular weight with percentage conversion and a narrow polydispersity 
throughout the reaction. 
 Initiators should show a good level of stereocontrol. Iso-selective initiating systems are of 
particular interest to the field.  
 The initiators should be easily synthesisable and robust. Easy ligand syntheses, that enable 
structure-activity relationships to be conducted, are preferential. 
With these parameters in mind, Group 13 quinolinolato complexes and yttrium phosphasalen 
complexes were targeted (Fig. 1.12). 
 
Fig. 1.12: The general structure of a. Group 13 quinolinolato complexes and b. yttrium phosphasalen 
complexes.
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Synthesis and Characterisation of 
 Bis(8-quinolinolato)aluminium Ethyl Complexes and  
(8-Quinolinolato)gallium Complexes: 
Investigations into the Stereoselective rac-Lactide  
Ring-Opening Polymerization 
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2.1 Introduction 
2.1.1 Homoleptic Aluminium Initiators 
Aluminium initiators for the polymerization of rac-LA have been extensively described in the 
literature. Initial research efforts, dating back to the late 1980s, focused on cluster homoleptic 
aluminium species such as aluminium iso-propoxide and alkoxide species formed in situ by reaction 
of alcohols with aluminium aryl species.
12c, 12e, 20
 Whilst transesterification reactions were found to be 
low using such systems, multiple initiating groups and aggregation of such species hampered control 
in the polymerizations. 
2.1.2 Heteroleptic Aluminium Initiators 
Following these early reports, focus shifted to discrete aluminium initiating systems, as they offer the 
potential for greater polymerization control and, in some cases, stereochemical control. Spassky and 
co-workers reported the first example of an iso-selective initiator, compound A (Fig. 2.1), for the 
polymerization of rac-LA. Compound A was found to preferentially polymerize the RR- enantiomer, 
with up to 50 % conversion, krel = 20.
21
 
 
Fig. 2.1: Salen-aluminium alkoxide initiators, A and B.
22
 
 
Chiral and racemic iso-propoxide aluminium complexes were later reported by Coates and co-
workers, e.g. compound B.
23
 The racemic mixture of B was found to produce stereoblock PLA, with a 
Pi value of 0.96. This was achieved through the preference of the R-B enantiomer for RR-LA, and of 
the S-B enantiomer for SS-LA. This was the first report of the formation of a stereoblock PLA 
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microstructure, versus stereocomplex PLA formed from the co-crystallisation of enantiopure 
poly(SS)lactide and poly(RR)lactide. The Al-salen initiators A and B displayed only low activity; such 
sluggish behaviour, even at elevated temperatures, has been shown to be typical of aluminium based 
initiating systems. The attractive prospect of producing stereoblock PLA from a racemic feedstock 
has led to many further investigations of the Salen ligand motif. Such modifications include: altering 
the diamine bridge, phenyl substituents and the synthesis of half-Salen type complexes.
24
 In general, 
such systems maintain a moderate to high level of stereocontrol.
24a-d, 24f-h
 
Bis(pyrrolidene) Schiff base ligands, have shown moderate stereocontrol (Fig. 2.2).
25
 Compound D is 
the active initiator, whereas compound C is used as part of an initiating system, with an equivalent of 
iso-propyl alcohol added to generate the active species in situ. No change of stereocontrol was 
observed between compound C/iPrOH and D (Pi = 0.75). This type of alkyl/alcohol initiating system 
is common in aluminium lactide chemistry, often due to the relative ease of synthesising aluminium 
alkyl complexes. 
 
Fig. 2.2: Bis(pyrrolidene) Schiff base aluminium complexes, C and D.25 
 
Other ligand types have been reported to a lesser extent, and thus far none have been shown to display 
the same levels of stereocontrol as observed in the Salen-type systems.
26 In particular, examples of 
bidentate ligand systems with high levels of stereoselectivity remain largely elusive. The concept of a 
bidentate system with both nitrogen and oxygen donors, analogous to the Salen type ligands, was 
particularly important in the development of our aluminium ligand system. 
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2.1.3 Indium and Gallium Initiators 
Achieving high levels of stereocontrol, combined with high rates is an important target. Whilst 
aluminium based initiators have been shown to be highly selective, they suffer from sluggish rates, 
reducing viability. The goal of increasing rate, whilst maintaining stereoselectivity has prompted 
investigations into other Group 13 metals. 
As well as aluminium, indium systems have also been developed over the last few years, with several 
groups reporting improved activity versus comparable aluminium systems.
27
 Initiators recently 
described by Mehrkhodavandi and co-workers show moderate iso-selectivity and improved activity 
when compared with similar aluminium systems. For example complex, E (Fig. 2.3), polymerizes 200 
equivalents of rac-LA in 30 minutes (298 K, methylene chloride, ~0.5 M in [LA], 90 % conversion, Pi 
= 0.62), a marked increase in activity compared with aluminium Salen compounds, vide supra.
28
 
 
Fig. 2.3: Examples of the structures of some indium based initiators for rac-LA ROP.
28-29
 
 
Another early example of a stereoselective initiator, reported by Okuda and Arnold, was a racemic 
homoleptic species, compound F (Fig. 2.4), which was found to induce a slight isotactic bias (Pi max. 
0.63).
29
 Tolman and Hillmyer used a very straightforward system, namely InCl3 in the presence of an 
equivalent each of an alcohol and triethylamine.
30
 Rac-LA was polymerized quite rapidly and with 
high heteroselectivity (Ps up to 0.97, 1:100 [I]:[LA], 5 h). Less complex initiating systems are a very 
attractive proposition in terms of commercially viable syntheses, though they rarely exhibit this high 
level of stereocontrol. 
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Gallium has received somewhat less attention; thus far there have been only a handful of examples of 
systems active toward the ROP of rac-LA. In 2010, the first active organometallic gallium initiator, 
compound G, was reported by Horeglad and co-workers (Fig. 2.4).
31
 Polymerization proceeded in a 
controlled but slow manner, forming atactic PLA (1:250 [G]:[LA], ~0.8 M [LA], 144 h, 93 %, 
methylene chloride, 313 K). A change of solvent, from methylene chloride to THF, or the addition of 
a Lewis base resulted in a moderate to good heteroselectivity. Further investigations saw the 
coordination of an N-heterocyclic carbene to the gallium centre, resulting in an increased rate (1:320 
[I]:[LA], ~0.8 M [LA], 16 h, 99 %, methylene chloride, 253 K) and a switch to an iso-selective 
system, Pi = 0.78.
32
 
 
Fig. 2.4: Examples of the structures of some gallium based initiators for rac-LA ROP.
31, 33
 
 
A recent comparative study of aluminium and gallium complexes, with the structures represented by 
compound H (Fig. 2.4), showed that the Ga catalysts were faster and equally-well controlled as their 
Al counterparts (Ga quantitative conversion of 100 equiv. of LA to PLA, 353 K, toluene 1 h, versus 
45 % conversion for Al).
33
 Despite the difference in rate, the change in metal centre did not affect the 
stereoselectivity, with moderate iso-selectivity being observed for both the Al and Ga initiators (Pi = 
0.70). 
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2.1.4 Synthetic Methodology 
As highlighted, vide supra, the salen ligand has been the most prominent ligand system used with 
aluminium initiators, due to the Al-salen initiators’ tendency to form PLA with a highly isotactic 
microstructure. Bidentate ligand systems have been less widely employed, and there are limited 
examples of stereocontrol.
26c, 34
 
Despite the aforementioned limitations in stereocontrol observed thus far, bidentate ligand systems 
have the potential to provide wide substrate scope through ligand modification. With the aim of 
demonstrating this potential, our research group set about investigating a bidentate ligand system that 
could be used to induce stereocontrol in the ROP of LA. The choice of bidentate ligand system was 
heavily influenced by successful multidentate ligands. 
The 8-hydroxyquinoline structure was an attractive ligand motif. It has previously been shown to form 
stable Group 13 metal complexes, examples of which are used in the field of molecular electronics.
35
 
It also has the potential for a wide range of analogues, with substitution being possible at the 2-, 5- 
and 7- positions (Fig. 2.5). 
 
Fig. 2.5: The general 8-hydroxyquinoline structure, numbering scheme included. 
 
It was anticipated that the reaction of two equivalents of the 8-hydroxyquinoline pro-ligand with 
triethylaluminium would from a heteroleptic complex, of the form AlQ2Et. These heteroleptic 
complexes were expected to be suitable initiators, particularly in the presence of exogenous alcohol. 
The 8–hydroxyquinoline has potential as versatile ligand backbone, allowing the easy substitution of 
electron donating, electron withdrawing and sterically encumbered groups, thus allowing structure 
activity relationships to be formed. The molecule is predicted to form a complex with two NO-type 
chelating ligands, comparable with the ONNO-type bonding in salen complexes.  
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At the time of embarking upon this project, there had been no previous examples of comparisons of 
the reactivity of analogous Group 13 initiators. The 8–hydroxyquinoline ligand provided scope for 
complexation with other metals, such as gallium and indium, allowing such comparisons of the 
homologous series to be made.  
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2.2 Bis(8-quinolinolato)aluminium Ethyl Complexes 
2.2.1 Pro-ligand and Compound Synthesis and Characterisation 
A series of new initiators were prepared by reaction of the 8-hydroxyquinoline pro-ligands (2.1-2.10) 
with triethylaluminium, as illustrated in Scheme 2.1. 
 
Scheme 2.1: General synthesis of initiators 2.11-2.20, numbering scheme included. Reagents and 
conditions: i. Toluene, 298 K, 12 h, 60-80 %. 
 
The 8-hydroxyquinoline pro-ligands 8-hydroxy-2-methylquinoline (2.1) and 5,7-dichloro-8-hydroxy-
2-methylquinoline (2.3) are commercially available, whilst all other pro-ligands were synthesised 
according to literature methods and were obtained in moderate/good yields (Scheme 2.1).
36
 The ligand 
series was selected to investigate both the steric and electronic influences of the substituents. For 
example substituents in the R2 position were expected to exert a more substantial electronic influence, 
whereas substituents in the R1 and R3 are closer to the active site and are therefore expected to give 
more of a steric influence. 
Compounds 2.11-2.20 were synthesised by the reaction of two equivalents of the respective 8-
hydroxyquinoline pro-ligand with one equivalent of triethylaluminium, in toluene, at 298 K. On 
addition of the triethylaluminium, ethane gas was evolved and the solution turned a strong yellow 
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colour. The solution was left to stir for 12 hours, after which time the solvent was removed in vacuo. 
Compounds 2.11-2.20 were isolated as yellow solids in 60-80 % yields, after washing the residue with 
hexane.
**
 The new compounds were characterised by NMR spectroscopy and the stoichiometry was 
confirmed by elemental analysis. The 
1
H NMR spectra showed a characteristic shift in the 
quinolinolato protons, indicative of coordination to the Lewis acidic aluminium centre resulting in 
deshielding of the nuclei. The aluminium ethyl groups show a triplet at 0.5-1 ppm, assigned to the 
methyl protons. The methylene protons resonate as a doublet of quartets at 0-0.5 ppm, indicating that 
the complexes are chiral and the methylene protons are diastereotopic. An example 
1
H NMR 
spectrum, of compound 2.13, is shown in Fig. 2.6. 
 
Fig. 2.6: 
1
H NMR spectrum compound 2.13 (toluene-d8) residual solvent peaks and grease marked 
with asterisks. 
 
                                                     
**
 Dr. Mike Haaf and his research group are acknowledged for their assistance in the preparation of this series of 
compounds. Dr. Rachel Platel is acknowledged for initial synthetic investigations. 
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2.2.2 X-ray Crystal Structure of 2.16 
Crystals suitable for X-ray diffraction experiments were grown of compound 2.16 from a saturated 
toluene solution. Compound 2.16 crystallised with two independent molecules, Fig. 2.7 illustrates the 
structure of one of these (2.16A). The complexes have a pentacoordinate aluminium centre with 
distorted trigonal bipyramidal coordination geometries, the τ values being 0.73 for 2.16-A and 2.16-B. 
The N atoms in the quinolinolate rings are positioned trans to one another, occupying the axial 
coordination sites. The O donors from the quinolinolate rings are coordinated at equatorial sites, with 
the remaining site being occupied by the C of the ethyl group. The bond lengths in compound 2.16 are 
within the range expected for pentacoordinate aluminium complexes.
37
 Selected key bond lengths and 
bond angles are shown in Table 2.1. 
 
Fig. 2.7: The crystal structure of one (2.16-A) of the two crystallographically independent complexes 
present in the crystals of 2.16 (60 % probability ellipsoids). 
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Table 2.1: Comparative selected bond lengths (Å) and angles (°) for both independent complexes 
present in the crystals of 2.16. For full data see appendix. 
Bond Length 2.16–A 2.16–B Bond Length 2.16–A 2.16–B 
Al(1)–O(1) 1.807(6) 1.802(6) Al(1)–N(29) 2.087(7) 2.102(7) 
Al(1)–N(9) 2.093(7) 2.087(7) Al(1)–C(40) 1.984(9) 1.969(8) 
Al(1)–O(21) 1.808(6) 1.810(6)    
Bond Angle 2.16–A 2.16–B Bond Angle 2.16–A 2.16–B 
O(1)–Al(1)–N(9) 82.8(3) 82.8(3) N(9)–Al(1)–N(29) 165.5(3) 165.1(3) 
O(1)–Al(1)–O(21) 119.8(3) 121.2(3) N(9)–Al(1)–C(40) 96.8(4) 98.0(3) 
O(1)–Al(1)–N(29) 90.6(3) 90.7(3) O(21)–Al(1)–N(29) 82.7(3) 82.0(3) 
O(1)–Al(1)–C(40) 118.8(4) 119.9(4) O(21)–Al(1)–C(40) 121.4(4) 118.9(3) 
N(9)–Al(1)–O(21) 89.3(3) 89.9(3) N(29)–Al(1)–C(40) 97.7(4) 96.9(3) 
      
2.2.3 Polymerization of rac-Lactide using 2.11-2.20 
Compounds 2.11-2.20 were tested as initiators in the ring-opening polymerization of rac-Lactide. 
 
Fig. 2.8: General polymerization procedure. Reagents and conditions: i. [2.11-2.20]:[iPrOH]:[LA], 
1:1:100, Toluene, 348 K. 
 
The polymerizations were all conducted under a standard set of conditions; in toluene at 348 K with 
one equivalent of iso-propyl alcohol. All experiments were run at a standard concentration of rac-
lactide (1 M) and using 10 mM concentration of initiator (i.e. 1:100 loading of initiator:lactide).  
During the catalysis, the iso-propyl alcohol reacts with the aluminium-ethyl group to generate an 
aluminium iso-propoxide complex, which is the true initiating species; compounds 2.11-2.20 can 
therefore be viewed as ‘pre-initiating’ species. Such a protocol is common for polymerizations using 
46 
 
Chapter 2 
 
aluminium initiators, due to the relative ease of isolating such species in comparison to the extremely 
air sensitive aluminium alkoxides. In the absence of iso-propyl alcohol little to no monomer 
conversion was observed. The choice of toluene as a solvent was important. No reaction was observed 
in experiments using THF or methylene chloride at 298 K. This is likely due to the failure to form any 
aluminium alkoxide initiator at lower temperatures. 
Alcoholysis experiments were conducted, in the absence of lactide, to monitor the formation of 
aluminium alkoxide species (Scheme 2.2).  
 
Scheme 2.2: General procedure for the formation of aluminium alkoxides. Reagents and conditions: 
Toluene, 338 K, 72 h. 
 
It was generally observed that full formation of the alkoxide occurred after 72 h at 338 K. However, 
for the polymerization experiments, complete conversion to the alkoxide is unnecessary as the 
unreacted iso-propyl alcohol will undergo rapid and reversible chain transfer/exchange reactions with 
any aluminium alkoxide species which has been generated from the ROP of lactide. 
The polymerizations are highly sensitive to any contamination by water, which is a chain terminating 
agent; it is therefore necessary to carry out all polymerizations under an argon atmosphere using 
solvents that have been pre-dried and stored over activated molecular sieves. 
The polymerizations were monitored by conventional aliquot techniques, which were then analysed 
by NMR spectroscopy to determine the percentage conversion. Size exclusion chromatography (GPC-
MALLS) was used to determine the evolution of the number-averaged molecular weight (Mn) and the 
PDI throughout the reactions. The tacticity of the resulting PLA was assessed by integration of the 
methyne region of the homonuclear decoupled NMR spectrum and by using Bernoullian statistics to 
predict tetrad probabilities.
19
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Complexes 2.11-2.20 were all active initiators in the polymerization of rac-LA, the polymerization 
results are summarised in Table 2.2. 
Table 2.2: Polymerization data using initiators 2.11-2.20. 
Initiator (I) Time (h) Convsn.
b
 % kobs × 10
-6
 s
-1c
 Mn (g mol
-1
)
 d
 PDI
d
 Pi
e 
2.11 168 94 4.3 9,200 1.19 0.62 
2.12 391 98 2.1 9,100 1.14 0.64 
2.13 137 91 5.0 10,000 1.11 0.72 
2.14 168 90 4.2 12,400 1.07 0.75 
2.15 180 88 3.2 9,600 1.11 0.65 
2.16 168.5 80 2.5 7,000 1.04 0.75 
2.17 354 94 2.4 9,800 1.09 0.76 
2.18 336 85 1.4 8,450 1.06 0.70 
2.19 16 96 58 13,800 1.08 0.57 
2.20 290 90 2.2 10,600 1.07 0.64 
aPolymerization conditions: Toluene, 348 K, 1:1:100 [I]:[iPrOH]:[LA], 1 M [LA]. bDetermined by integration of the methine 
region of the 1H NMR spectrum (LA 4.98-5.04 ppm; PLA 5.08-5.22 ppm). cDetermined from the gradients of the plots of 
ln{[LA]0/[LA]t} versus time, where the average errors (determined using initiator 2.13) = 1-15 %. 
dDetermined by GPC in 
THF, using multiangle laser light scattering (GPC-MALLS). eDetermined by analysis of all the tetrad signals in the methine 
region of the homonuclear decoupled 1H NMR spectrum.19 
 
 
2.2.4 Polymerization Kinetics of Initiators 2.11-2.20 
The polymerization kinetics were monitored for each initiator, showing a first-order dependence on 
lactide concentration in every case; the pseudo first-order rate constants, kobs, were obtained as the 
gradient of the linear fits to plots of ln([LA]0/[LA]t) versus time (Fig. 2.9). 
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Fig. 2.9: Plots of ln([LA]0/[LA]t) vs. time (h) i) Initiators 2.11-2.18 and 2.20 ii) Initiator 2.19. 
Conditions: [LA]0 = 1 M, 1:1:100 [initiator]:[iPrOH]:[LA], toluene, 348 K. 
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Polymerizations using compounds 2.11-2.18 and 2.20 were very slow, with full conversion being 
achieved in excess of 135 h. Such rates of polymerizations are, however, quite typical of aluminium 
initiators which regularly show more sluggish behaviour in the ring-opening polymerization of 
lactide.
24b, c, 24h, 26a, 38
 On the other hand, compound 2.19 was significantly faster; it showed a kobs value 
which was an order of magnitude higher. Compound 2.19 has a tert-butyl substituent at the R3 
position instead of the methyl substituent for all the other complexes. This increase in activity is rather 
surprising given the increase in steric shielding of the active site which would usually be expected to 
slow the rate of polymerization. This increase in rate, observed by a change of substituent at the R3 
position, will be discussed further in Chapter 3. 
 
2.2.5 Polymerization Control of Initiators 2.11-2.20 
All compounds exhibited a high degree of polymerization control, with all initiators showing a linear 
evolution of molecular weight with percentage conversion and Mn values being close to those 
predicted on the basis of the initiator concentration (Fig. 2.10 and Table 2.2). The PDIs are narrow for 
all polymerizations, and remain low throughout the course of the polymerizations (in all cases below 
1.2). Both of these factors are indicative of a controlled polymerization. 
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Fig. 2.10: Evolution of Mn versus % conversion for the polymerization using initiator 2.13 (circles), 
PDI versus % conversion (squares). Conditions: [LA]0=1 M, 1:1:100 [2.13]:[iPrOH]:[LA], toluene, 
348 K. 
 
The end groups of the polymers were analysed using MALDI-ToF mass spectrometry which showed 
that the major series were chains end-capped with iso-propyl ester groups. The peaks are separated by 
144 amu, consistent with only limited inter-molecular transesterification occurring (Fig. 2.11). 
Polymerizations which were left for extended reaction times (i.e. reactions were allowed to go to high 
conversions > 97 %) led to the appearance of signals due to cyclic PLA, caused by intra-molecular 
transesterification. 
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Fig. 2.11: MALDI-ToF spectrum of the PLA produced using initiator 2.16. 
 
2.2.6 Stereocontrol of Initiators 2.11-2.20 
Using rac-LA, all initiators give rise to PLA which has some degree of isotactic enrichment. This 
finding is particularly interesting because, as already mentioned, the great majority of PLA initiators 
give rise to heterotactic or atactic enrichment. There are clear differences in the degree of iso-
selectivity of the complexes depending on the substituents. The iso-selectivity increases with the 
steric hindrance of the substituent at the R1 position. Initiators that give rise to the most isotactic PLA 
have either a halide or methyl substituent at R1, with compounds 2.13, 2.14, 2.16, 2.17 and 2.18 
giving the highest Pi values of 0.70-0.76 (Fig. 2.12). 
Due to inter-molecular 
transesterification 
M = 23.0 + 1.01 + (72 x n) + 
59.01 
52 
 
Chapter 2 
 
 
Fig. 2.12: Homonuclear decoupled 
1
H{
1
H} NMR of PLA (CDCl3), polymerized using initiator 2.17, 
Pi=0.76, ESC mechanism (determined by analysis of stereoerrors [sis]:[sii]:[iis]:[isi] = 1:1:1:2). 
 
Further analysis of the Pi values against conversion was undertaken using compound 2.13 and results 
showed that the Pi values remain constant and high throughout the polymerization (Table 2.3). This 
indicates that the level of iso-selectivity is not dependent on the concentration of either enantiomer 
(RR or SS) of the racemic lactide feedstock.
39
 
 
Table 2.3: Pi values of PLA against the lactide conversion (%) using initiator 2.13. 
Conversion (%) Pi 
52 0.73 
71 0.72 
82 0.73 
89 0.73 
91 0.72 
  
 
These R1 substituted compounds are significantly more iso-selective than 2.11, 2.12, 2.15 and 2.20, 
where R1=H (Pi values of 0.62, 0.64, 0.65 and 0.64, respectively). Such observations suggest that 
steric hindrance at R1 increases the degree of iso-selectivity at the metal centre. 
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 Analysis of the methine region of the homonuclear decoupled 
1
H{
1
H} NMR spectrum also allows 
determination of the mechanism of stereocontrol, i.e. enantiomorphic site control vs. chain-end 
control.
23
 This is achieved by analysis of the tetrads resulting from stereoerrors (i.e. tetrads other than 
iii). The analysis of the isotactic PLA produced by the most selective initiators (i.e. 2.13, 2.14, 2.16, 
2.17, and 2.18) indicates that an enantiomorphic site control mechanism is dominant 
[sis]:[sii]:[iis]:[isi] = 1:1:1:2 ratio. The sis resonance is of slightly lower intensity than would be 
expected for a purely enantiomorphic site control mechanism.
23
 The use of deconvolution to resolve 
the peaks of the homonuclear decoupled 
1
H{
1
H} NMR led to little or no difference in the Pi values. 
 
2.2.7 Melt Polymerization 
Conducting a polymerization under melt conditions can be beneficial as no solvent is required. A 
consequence of such conditions is the increased rate of reaction. Compound 2.17 induced the highest 
degree of stereocontrol in the polymer under standard reaction conditions (Table 2.2). It was therefore 
considered that changes in stereocontrol may be more observable using this initiator. The activity of 
compound 2.17 was tested under melt conditions, both in the presence and absence of iso-propyl 
alcohol, with the results being summarised in Table 2.4. 
 
Table 2.4: Solvent-free polymerization of rac-LA using compound 2.17. 
iPrOH
a
 Time (h) Convsn.
b
 % Mn, (g mol
-1
)
 c
 PDI
c
 Pi
d 
1 equiv. 3.5 88 10,800 1.1 0.68 
- 1.5 92 96,700 1.4 0.66 
aPolymerization conditions: 393 K, 1:100 [2.17]:[LA]. bDetermined by integration of the methine region of the 1H NMR 
spectrum (LA 4.98-5.04 ppm; PLA 5.08-5.22 ppm). cDetermined by GPC in THF, using multiangle laser light scattering 
(GPC-MALLS). dDetermined by analysis of all the tetrad signals in the methine region of the homonuclear decoupled 1H 
NMR spectrum.19 
 
The addition of iso-propyl alcohol required a stock solution, therefore a 0.1 mL of iPrOH in toluene 
solution was added to the lactide/initiator melt, hence the term ‘slurry’ polymerization is applied. The 
polymerization was carried out with a 1:100 loading of initiator to monomer, at 393 K. After three 
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hours a highly viscous liquid was observed. Cold hexane, 5 mL, was added to terminate the 
polymerization. Analysis by 
1
H NMR spectroscopy showed 88 % conversion. More detailed analysis 
by SEC revealed a good correlation of Mn, with values being close to those predicted on the basis of 
the initiator concentration and a narrow PDI. Whilst the ‘slurry’ conditions provide good 
polymerization control, the polymer was found to have a Pi value of 0.68, a marked reduction in the Pi 
observed under solvent conditions (0.76). This reduction in isotacticity may be attributed to the 
increased temperature, as stereocontrol is a kinetically mediated process. 
The polymerization was also run under true melt conditions. After 1.5 hours the polymerization was 
seen to proceed to high conversion and a high molecular weight polymer was obtained. This was due 
to the poor initiating capability of the ethyl group, versus iso-propyl. A significant degree of 
steroselectivity was still observed, with a Pi value of 0.66. 
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2.3 8-Quinolinolato Gallium Complexes 
Recent investigations into the activity of other Group 13 metals for the ROP of LA prompted further 
investigation of the 8-quinolinolato ligand system.
28-31, 33, 39
 A change in the metal centre was expected 
to induce both electronic and structural changes in the resultant compounds. Gallium (1.22 Å) was 
chosen, over the more extensively investigated indium (1.42 Å), as the atomic radius is similar to that 
of aluminium (1.21 Å). This reduced radius is favourable due to the potential reduction in the 
coordination sphere, as it is proposed that there is a steric influence in the mode of stereocontrol. 
2.3.1 Synthesis and Characterisation of Bis(8-quinolinolato)gallium Chloride Compounds 
During investigations into the preparation of gallium-based compounds, two variations of the 8-
hydroxyquinolinate pro-ligand were used, compounds 2.1 and 2.3. 
Pro-ligands 2.1 and 2.3 were reacted with gallium(III)chloride, in toluene at 298 K, to form bis(8-
quinolinolato)gallium chloride compounds, 2.21 and 2.22 (Scheme 2.3). 
 
Scheme 2.3: General synthesis of initiators 2.21 and 2.22. Reagents and conditions: i. GaCl3, toluene, 
298 K, 12 h, 51-53 %. 
 
Complexation was confirmed by a characteristic downfield shift in the quinolinolato protons, 
indicative of coordination to the Lewis acidic gallium centre resulting in deshielding of the nuclei. 
The expected product stoichiometry was further confirmed by elemental analysis and mass 
spectrometry, where the molecular ion, plus one proton, was observed at m/z 560 (M
+
-Cl). In the case 
of compound 2.22 it was possible to obtain crystals suitable for single crystal X-ray crystallography. 
56 
 
Chapter 2 
 
2.3.2 X-ray Crystal Structure of 2.22 
Crystals suitable for X-ray diffraction experiments were grown of compound 2.22 from a saturated 
toluene solution and crystallised in a centrosymmetric (i.e. racemic) space group (Fig. 2.13). The 
structure of 2.22 has C2 symmetry about an axis that passes through the gallium and chlorine atoms. 
Compound 2.22 has a pentacoordinate gallium centre with a distorted trigonal bipyramidal geometry 
(τ = 0.69). As with the aluminium complexes (i.e. compound 2.16), the geometric isomer which is 
observed has the nitrogens of the ligands coordinated trans to one another in the axial positions. This 
is also observed in the bis(2-methylquinolinato)gallium chloride reported in the literature.
40
 The 
gallium to quinolinolato bond lengths are close to, but not within error of, those between the 
aluminium centre and quinolinolato ligands of compound 2.16. For instance the M-N bond lengths 
only differ by approximately 0.01 Å (Ga-N = 2.1073 (21) Å, 2.1073 (10) Å) and (Al-N = 2.093 (7) Å, 
2.087 (7) Å). Selected key bond lengths and bond angles are shown in Table 2.5. 
 
Fig. 2.13: The crystal structure of the C2-symmetric complex 2.22.  
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Table 2.5: Selected bond lengths (Å) for the C2-symmetric complex 2.22. For full data see appendix. 
Bond Length 2.22–A 
Ga(1)–Cl(1) 2.1915(6) 
Ga(1)–N(1) 2.1073(10) 
Ga(1)–O(12) 1.8680(10) 
  
2.3.3 Synthesis and Characterisation of Bis(8-quinolinolato)gallium Alkoxides 
Gallium chloride compounds 2.21 and 2.22 are not active initiators for the ROP of LA, presumably 
due to the strong gallium-chloride bond (481 kJ mol
-1
 versus 285 kJ mol
-1
 for Ga-O) and therefore 
gallium alkoxide or amine complexes were targeted.
41
 Their synthesis was attempted by salt 
metathesis reactions, with the relevant potassium salts (Scheme 2.4). 
 
Scheme 2.4: General synthesis of gallium alkoxide compounds. Reagents and conditions: i. KOR’ 
(where R’ = KOEt, KOtBu), THF or toluene, 298 K, up to 24 h. 
 
Reactions with compounds 2.21 and 2.22 with potassium tert-butoxide, potassium ethoxide and 
potassium bis(trimethylsilyl)amide all resulted in a mixture of products. In order to identify the 
products being formed, investigations focused on the reaction of 2.22 with potassium tert-butoxide, as 
it gave the clearest 
1
H NMR spectrum. In the 
1
H NMR spectra, two products in varying ratios were 
always observed: the desired alkoxide compound and a side product. This side product was isolated 
and characterised by single crytal X-ray diffraction, as an oxo-bridged dimer (although the data is not 
included as part of this thesis). It is known that gallium compounds are liable to form hydroxyl and 
oxo-bridged dimers.
42
 It is presumed that this ‘oxo’ product comes from the residual oxygen content 
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in both the reaction solvent and the NMR solvent. Attempts to scale up the reaction lead to lower side 
product content.  
A 
1
H NMR scale experiment was undertaken to illustrate this theory; compound 2.23 was formed by 
reaction of equimolar quantities of 2.22 with potassium tert-butoxide, in deuterated benzene. The 
potassium chloride by-product was removed by centrifugation, and a 
1
H NMR experiment was run on 
the solution. Compound 2.23 was shown to form exclusively (Fig. 2.14). A characteristic downfield 
shift of the quinolinolato protons, indicative of coordination to the Lewis acidic gallium centre 
resulting in deshielding of the nuclei, was observed. Additionally, a singlet peak at 1.17 ppm, 
corresponding to the protons of the tert-butyl group, was also present. A small peak at 1.05 ppm 
corresponds to tert-butyl alcohol, likely owing to the reaction of potassium tert-butoxide with the 
small amounts of residual water in the solvent. By adding hexane to the solution of compound 2.23, in 
benzene-d6, crystals suitable for X-ray diffraction experiments were obtained. 
 
Fig. 2.14: 
1
H NMR spectrum of compound 2.23 (benzene-d6) residual solvent peak marked with an 
asterisk. 
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2.3.4 X-ray Crystal Structure of 2.23 
Crystals suitable for X-ray diffraction experiments were grown of compound 2.23 from a 
benzene/hexane solution and crystallised in a centrosymmetric (i.e. racemic) space group (Fig. 2.15). 
The structure of 2.23 was found to contain two crystallographically independent complexes (2.23-A 
and 2.23-B) in the asymmetric unit, both with similar conformations. Compound 2.23 has a 
pentacoordinate gallium centre with a distorted trigonal bipyramidal geometry (τ = 0.57). The greater 
deviation of 2.23-A and 2.23-B from the trigonal bipyramidal geometry is a result of the steric bulk of 
the tert-butoxide group. The geometric isomer observed has the nitrogen substituents of the ligand 
coordinated trans to one another in the axial positions, as with compound 2.22 and the aluminium 
analogues. 
 
Fig. 2.15: The structure of one (2.23-A) of the two independent complexes present in the crystals of 
compound 2.23. 
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Table 2.6: Comparative selected bond lengths (Å) for the two independent complexes present in the 
crystals of 2.23. For full data see appendix. 
Bond Length 2.23–A 2.23–B Bond Length 2.23–A 2.23–B 
Ga(1)–N(1) 2.1274(15) 2.1232(15) Ga(1)–O(29) 1.8881(12) 1.8863(13) 
Ga(1)–O(9) 1.8871(13) 1.8868(13) Ga(1)–O(40) 1.7904(13) 1.7844(15) 
Ga(1)–N(21) 2.1310(16) 2.1493(16)    
 
2.3.5 Synthesis and Characterisation of (8-Quinolinolato)gallium Methyl Compounds 
The preparation of bis(8-quinolinolato)gallium methyl compounds was investigated by reaction of 
two equivalents of the 8-hydroxyquinoline pro-ligand with trimethylgallium, in toluene. It was 
anticipated that these compounds would allow a definitive comparison with the bis(8-quinolinolato) 
aluminium ethyl compounds, previously discussed. 
The reaction was analogous to those conducted for the synthesis of bis(8-quinolinolato)aluminium 
ethyl compounds. However, reaction of two equivalents of the pro-ligands 2.1 or 2.3, with 
trimethylgallium resulted only in the formation of the mono-ligated complexes 2.24 and 2.25, 
[LGaMe2], with excess pro-ligand (Scheme 2.5). 
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Scheme 2.5: Synthetic strategies towards bis(8-quinolinolato)gallium methyl compounds and the 
synthesis of compounds 2.24, 2.25 and 2.26. Reagents and conditions: i. 0.5 eq. GaMe3, toluene, 298 
K, 16 h ii. GaMe3, toluene, 298 K, 16 h (2.24 74 %, 2.25 87 %), iii. 0.5 eq. GaMe3, toluene, 393 K, 
(25 %), 24 h. 
 
Attempts to change the solvent conditions, i.e. using more polar solvents such as THF and pyridine, in 
an attempt to promote the formation of the bis-ligated product, proved unsuccessful. Compounds 2.24 
and 2.25 were then deliberately synthesised by the reaction of equimolar amounts of trimethylgallium 
and compounds 2.1 and 2.3, respectively. Their formation was confirmed by 
1
H NMR spectroscopy, 
where an indicative shift in the quinolinolato protons was observed. A singlet peak was observed at 
0.1 and 0.0 ppm, for compounds 2.24 and 2.25, respectively, corresponding to the six protons of the 
two methyl groups 
It is known from previous syntheses that the coordination sphere of gallium is sufficiently large to 
accommodate two quinolinolato ligands. It was found that the desired bis ligated product could be 
partially formed; by using more forcing conditions i.e. reflux (393 K) in toluene for 24 h, compound 
2.26 was prepared. This was isolated in comparatively low yield (25 %), with the monoligated 
compound 2.25 being the major product. It is postulated that the reason the bis-ligated product is not 
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observed may be due to the stability of the mono-ligated product. Compounds 2.26 was fully 
characterised by 
1
H and 
13
C{
1
H} NMR spectroscopy, with a peak at 0.16 ppm which integrated to 
three hydrogen atoms, corresponding to the Ga-Me. The stoichiometry was further confirmed by 
elemental analysis. 
 
2.3.6 Polymerization of rac-LA using Compounds 2.23-2.26 
Compounds 2.23-2.26 were tested as initiators in the ring-opening polymerization of rac-Lactide. 
Polymerizations were conducted under a standard set of conditions; 1 M solution of lactide in toluene, 
at 348 K. In the case of compounds 2.24 and 2.25 an equivalent of iso-propyl alcohol was required to 
initiate the polymerization. These conditions were identical to those implemented for aluminium 
initiators 2.11-2.20 (Table 2.2), allowing comparison between Al and Ga initiators. The 
polymerizations were monitored as described for the aluminium initiators (Section 2.2.3) with the 
polymerization results being summarised in Table 2.7. 
 
Table 2.7: Polymerization data using initiators 2.23-2.26. 
Initiator (I) Time (h) Convsn.
c
% kobs x 10
-5
 s
-1d
 Mn
 
(g mol
-1
)
e
 PDI
e
 Pi
f
 
2.23
a
 51 91 1.3 14,600 1.25 0.70 
2.24
b
 45 92 1.8 11,300 1.24 atactic 
2.25
b
 38 96 2.6 15,200 1.19 atactic 
2.26
b
 - 0 - - - - 
aPolymerization conditions: Toluene, 348 K, 1:100 [I]:[LA], 1 M [LA]. bPolymerization conditions: Toluene, 348 K, 1:1:100 
[I]:[iPrOH]:[LA], 1 M [LA]. cDetermined by integration of the methine region of the 1H NMR spectrum (LA 4.98-5.04 ppm; 
PLA 5.08-5.22 ppm). dDetermined from the gradients of the plots of ln{[LA]0/[LA]t} versus time, where the average errors 
(determined using initiator 2.24) = 9-10 %. eDetermined by GPC in THF, using multiangle laser light scattering (GPC-
MALLS). fDetermined by analysis of all the tetrad signals in the methine region of the homonuclear decoupled 1H NMR 
spectrum.19 
 
Due to the previously discussed problems with the isolation of compound 2.23, the compound was 
synthesised in situ at a known concentration in toluene. The potassium chloride salt was removed by 
centrifugation, and the stock solution was added to the polymerization mixture. 
63 
 
Chapter 2 
 
2.3.7 Polymerization Kinetics of Initiators 2.23-2.26 
The initiator, 2.23, was moderately active in the ROP of rac-lactide, with the polymerization 
proceeding to high conversion in excess of 50 hours. Such rates are typical for discrete Group 13 
initators, and are on a similar time scale to the previously discussed bis(8-quinolinolato)aluminium 
ethyl initiators.
31, 33
 The reaction followed pseudo first-order rate kinetics, Fig. 2.16. 
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Fig. 2.16: Plot of ln([LA]0/[LA]t) vs. time of initiator 2.23. Conditions: [LA]0 = 1 M, 1:100 [I] : LA], 
toluene, 348 K. 
 
Initiator 2.23 is significantly faster than its aluminium analogue (2.13), with around a three times 
higher kobs value (1.3 x 10
-5
 s
-1
 for 2.23 vs. 5.0 x 10
-6
 s
-1
 for 2.13). This finding is in line with the only 
other comparison between Ga and Al complexes, in that case using κ3-N,O,N-
{(C6F5N−C6H4)2O}MNMe2 type complexes (where M=metal).
33
 The increased activity of the gallium 
compounds is attributed to the reduced Lewis acidity of Ga versus Al. 
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The initiators 2.24 and 2.25 were also moderately active in the ROP of rac-lactide, with the 
polymerization proceeding to high conversion in excess of 50 and 35 hours, respectively. One 
equivalent of iso-propyl alcohol was required to initiate the polymerization. 
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Fig. 2.17: Plot of ln([LA]0/[LA]t) vs. time of initiators 2.24 and 2.25. Conditions: [LA]0 = 1 M, 
1:1:100 [I]:[iPrOH]:[LA], toluene, 348 K. 
 
In both the 2.24 and 2.25 initiaiting system, an initiation period of approximately 2-3 hours was 
observed during which time the active alkoxide complex forms (this initiation period is not observed 
using the gallium alkoxide complex 2.23). The reactions using 2.24 and 2.25 are marginally faster 
than those using initiator 2.23, with kobs values of 1.8 and 2.6 x 10
-5
 s
-1
, respectively (Fig. 2.17). The 
halide ligand substituents seem to increase the rate of polymerization; this is in line with structure-
activity observations of the series of Al complexes (2.11-2.20). 
Initiator 2.26, has the same ancillary ligand as bis(5,7-dichloro-2-methyl-8-quinolinolato)aluminium 
ethyl (2.13), but contains a gallium methyl moiety. The proposed active alkoxide species are formed 
in situ during the polymerizations by reaction of the metal alkyl complexes and alcohol. It was 
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therefore somewhat surprising to observe that complex 2.26 completely failed to polymerize rac-LA, 
even in the presence of an equivalent of iso-propyl alcohol. Dagorne et al. reported a κ3-N,O,N-
{(C6F5N−C6H4)2O}GaMe initiator, used in the presence of an equivalent of alcohol; the system was 
also completely inactive towards the ROP of rac-LA.
33
 This was in contrast to the analogous 
aluminium complexes which showed moderate activity under the same conditions. The reaction of 
compound 2.26 with an excess of iso-propyl alcohol was monitored on an NMR scale. After heating 
2.26 at 348 K, for 24 h in toluene-d8, no reaction was observed; supporting the postulation that lack of 
polymerization activity is due to the stability of compound 2.26 towards alcholysis. One rationale for 
this lack of activity is that the Ga-C bond strength within these bis(8-quinolinolato) systems are 
greater than the corresponding Al-C bond, preventing the formation of an active Ga-OR initiator. This 
is not, however, supported by general Ga-C and Al-C bond strength measurements.
41
 
 
2.3.8 Polymerization Control of Initiators 2.23-2.25 
A high degree of polymerization control was observed for compound 2.23-2.25. All initiators showed 
a linear evolution of the Mn with percentage conversion (Fig. 2.18) and showed Mn values close to 
those predicted on the basis of the initiator concentration (Table 2.7). The PDIs are narrow throughout 
the course of the polymerizations, i.e. below 1.25, indicative of relatively slow and limited 
transesterification side reactions. 
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Fig. 2.18: Evolution of Mn versus % conversion for the polymerization using initiator 2.24 (black), 
PDI versus % conversion (white). Conditions: [LA]0=1 M, 1:1:100 [2.24]:[iPrOH]:[LA], toluene, 348 
K. 
 
2.3.9 Stereocontrol of Initiator 2.23 
The initiator 2.23 gives rise to PLA with a moderate degree of isotactic enchainment, with a Pi value 
of 0.70 (Fig. 2.19). Previous examples of iso-selective gallium initiators are limited to compound H 
(Pi = 0.70) and a dimethyl gallium N-heterocyclic carbene reported by Horeglad and co-workers, 
where a Pi value of up to 0.78 was obtained.
32-33
 Compounds 2.24 and 2.25 did not exert any degree of 
stereocontrol on the polymerizations, forming atactic polymers.  
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Fig. 2.19: Homonuclear decoupled 
1
H{
1
H} NMR of PLA (CDCl3), polymerized using initiator 2.23 
(Pi=0.70). 
 
2.3.10 8-Quinolinolato Indium Complexes 
Attempts were made to synthesis indium analogues of the bis(8-quinolinolato)aluminium ethyl and  
(8-quinolinolato)gallium complexes. There are a handful of examples of the 8-hydroxyquinoline pro-
ligand binding to indium metal centres in the literature, with examples of the tris(8-
quinolinolato)indium complex being known.
43
 However, there have been no reports of heteroleptic bis 
ligated 8-quinolinolato compounds. Attempts to make bis(8-quinolinolato)indium chloride complexes 
proved unsuccessful. A variety of different precursors and conditions were attempted, however the 
same broad signals were always observed in the 
1
H NMR spectrum. The yellow solid obtained from 
the reactions had a film-like consistency and attempts to grow crystals proved unsuccessful. It may be 
the case that the larger ionic radius of indium, compared with aluminium and gallium, is unfavourable 
to the complexation of two 8-quinolinolato ligands. Experimental observations indicate that a 
polymeric species may be formed. 
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2.4 Summary and Outlook 
2.4.1 Summary 
A series of bis(8-quinolinolato)aluminium ethyl complexes, 2.11-2.20, have been synthesised and 
fully characterised. All compounds were shown to have the same structural conformation. The 8-
quinolinolato ligand system is desirable as some pro-ligands are commercially available, and the basic 
structure can be easily modified at the R1, R2 and R3 positions. The series of bis(8-
quinolinolato)aluminium ethyl complexes is also a rare example of a bidentate aluminium complex, 
used for the ROP of LA. 
All of the complexes were active for the ROP of LA, in the presence of one equivalent of iso-propyl 
alcohol. The polymerizations were slow, but well controlled, with a linear increase in Mn with 
percentage conversion, narrow PDIs and negligible transesterification. All of the initiators 
polymerized rac-LA with an isotactic bias, and a correlation between Pi and substitution at the R1 
position was observed. When R1 ≠ H, the Pi was seen to increase, the highest Pi was observed when R 
= I or Br, Pi = 0.76 and 0.75, respectively. From these findings it is tentatively suggested that 
increased steric bulk at the R1 position leads to an increase in stereocontrol. 
A change in substitution at the R3 positions, from a methyl group to a tert-butyl group (2.19) saw a 
rate increase of approximately one order of magnitude. The reason for this observation is not clear, 
but it will be the subject of further investigation in Chapter 3. 
The slow rate of polymerization is a drawback for the bis(8-quinolinolato)aluminium ethyl initiating 
system. Therefore, other Group 13 bis(8-quinolinolato) complexes were targeted, with the aim of 
increasing the rate, whilst maintaining stereocontrol. A series of (8-quinolinolato)gallium complexes 
were synthesised and fully characterised, compounds 2.23-2.26, and were found to be viable 
initiators. The bis ligated complex, 2.23, bis(5,7-dichloro-8-quinolinolato)gallium tert-butoxide, was 
found to be approximately 2.5 times faster than the bis(5,7-dichloro-8-quinolinolato)aluminium ethyl 
analogue, and maintained a good degree of iso-selectivity, Pi = 0.70. 
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2.4.2 Outlook 
The bis(8-quinolinolato)aluminium ethyl and  (8-quinolinolato)gallium complexes have proved to be 
successful initiating systems for the LA ROP. Development of the bis(8-quinolinolato)aluminium 
ethyl system should focus on increasing the rate and increasing the stereoselectivity. 
An increase in iso-selectivity may be achieved by further increasing the steric bulk at the R1 position. 
The preliminary findings suggest that the increase in stereocontrol is linked with the substitution at 
R1, thus the presence of more sterically encumbered groups such as phenyl or tert-butyl may further 
increase the degree of isotacticity (see Chapter 3). 
An increase in rate was observed when the methyl group at the R3 position was substituted for a tert-
butyl group. It is not clear whether this rate increase is caused by the electronic influence of the R3 
position or due to changes to the initiator structure. In order to further probe this result, the 
substitution of other groups at R3 should be investigated. This result could also be further evaluated by 
studies using computational chemistry. 
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Chapter 3 
Further Investigations into 
 Bis(8-quinolinolato)aluminium Ethyl Complexes and  
The 8-Hydroxyquinoline Ligand System 
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3.1 Introduction 
Chapter 2 focused on a series of bis(8-quinolinolato)aluminium ethyl complexes and (8-quinolinolato) 
gallium complexes, for the ROP of rac-LA. Chapter 3 will aim to investigate opportunities to expand 
the family of (8-quinolinolato) metal complexes, by considering alternative pro-ligands and new metal 
centres. 
3.1.1 Redox-Active Initiators 
Increasing catalytic activity generally requires structure-activity studies and ligand substitution. These 
can often be lengthy and low yielding. Therefore, changing the activity of a catalyst without the need 
for complex synthetic methods is an attractive alternative. Redox active systems provide the scope for 
dramatically altering the electronic properties of a catalyst, without the necessity of changing the 
molecular structure. 
3.1.1.1 Chemically Oxidised Redox-Active Systems 
The first example of catalytic control by an electrochemically-modulated redox couple was a 
rhodium(I) complex, which contained a redox active 1,1’-bis(diphenylphosphino)cobaltocene ligand, 
compound A (Fig. 3.1).
44
 The oxidised and reduced forms of the rhodium complex were employed as 
a catalyst for the hydrogenation of cyclohexene to cyclohexane. It was shown that the reduced species 
of the catalyst was faster than the oxidised species. This effect was attributed to the oxidative addition 
of hydrogen being promoted by a more electron rich metal centre, which was in line with previous 
observations in this field. 
 
Fig. 3.1: Redox-active ligand 1,1’-bis(dipheny1phosphino)cobaltocene, bound to a catalytically active 
Rh(I) metal centre.
44
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When the oxidised form of compound, [A]
2+
2[PF6]
- 
was re-reduced, a full recovery of catalytic 
activity was observed. 
The dramatic change in activity observed between the reduced and oxidised forms of the catalytic 
species, A, has led to redox control being exploited in other types of catalytic reactions. For example, 
the application of such redox systems in ROP catalysis was a natural progression, as many ring-
opening reactions are dependent on the electrophilicity of the initiator metal centre(s).
4, 11b, c
 A feasible 
use for such initiators would be for the preparation of block copolymers. 
The first example of such a redox-active system was a titanium salen complex, with a redox active 
ferrocene unit incorporated into the ligand motif, compound B (Fig. 3.2).
45
  
 
 
Fig. 3.2: An example of a redox-active titanium complex, for rac-LA polymerization.
45
 
 
The neutral form of compound B was found to polymerize rac-LA with moderate efficiency (1:100 
[B]:[LA], 343 K, toluene, 82 %, 24 h). Compound B was then oxidised, using two equivalents of 
silver(I) triflate, to form [B]
+
[OTf]
-
. The activity of compound [B]
+
[OTf]
-
 was significantly reduced, 
with only 7 % conversion observed after 24 h, under the same conditions. This switch in catalytic 
behaviour was also demonstrated in situ, i.e. after 8 h of reaction the oxidising agent was added and 
the rate of polymerization was seen to reduce. After a further 20 h, two equivalents of a reducing 
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agent were added to the polymerization, re-forming the neutral species, upon which the activity was 
again seen to increase. This reduction in activity is attributed to a lessening in electron density at the 
titanium metal centre as the ferrocene unit is oxidised, leading to a more Lewis acidic metal centre 
and thus a stronger metal alkoxide bond. This hypothesis is further supported by the reduction in 
activity observed when electron withdrawing substituents are present within the related titanium salen 
system.
46
 
A similar yttrium based system was reported by Diaconescu and co-workers, compound C (Fig. 
3.3).
47
 The same rate dependence of rac-LA polymerization was observed, i.e. the reduced complex 
was more active than the oxidised complex. In this example, the oxidised form of the compound, 
[C
+
][BAr
F
]
-
, showed no activity. 
 
 
Fig. 3.3: Redox-active yttrium and cerium complexes for rac-LA polymerization.
47-48
 
 
A number of other redox-active systems for the ROP of cyclic esters have been reported, including an 
analogous cerium complex, compound D, where the redox couple is located at the cerium metal centre 
(Fig. 3.3).
48-49
 Here the Ce(III) metal centre was oxidised to Ce(IV), resulting in a loss of activity due 
to the electronic factors, this is probably linked to the increased nucleophilicity of the alkoxide ligand. 
This is consistent with the reactivity observed in compounds B and C. 
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3.1.1.2 Electrochemically Oxidised Redox-Active Systems 
In 2011, Matyjaszewski and co-workers demonstrated an alternative approach to redox mediated 
catalysis, whereby the redox couple was generated electrochemically, rather than by using chemical 
oxidants/reductants.
50
 A Cu(II)/Cu(I) system, used for the atom-transfer radical-polymerization 
(ATRP) of methyl acrylate (MA), was held at a negative electrode potential of -0.69 V (versus 
Ag+/Ag) where a fast and controlled polymerization was observed. The catalyst system could be 
deactivated by the repetitive reduction in electron potential from -0.69 to -0.40 V; -0.69 V favours the 
active species Cu(I) whereas -0.40 V favours the dormant Cu(II) species. 
The utilisation of electrochemical methods has yet to be demonstrated in other polymerization 
systems, but could be a simpler and more precise method towards controlling a switch in activity. 
 
3.1.2 Zinc Initiators for the ROP of LA 
As with aluminium, early investigations into zinc initiators focused on homoleptic species. In 1985, 
Kricheldorf and co-workers described the use of zinc stearate as an active initiator for the ROP of LA, 
under melt conditions.
51
 Subsequent reports describe zinc halides, amides and lactates to be active in 
such ROP reactions.
52
 In general, such compounds have low activity, poor solubility and reactions 
require melt conditions at high temperatures. 
With the aim of achieving high activity and controlled polymerizations, single-site initiating systems 
were targeted, and a range of different ancillary ligands were explored. Examples include β-
diketiminates, guanidinates, quinolines, tris(pyrazolyl)borates, bis(phosphinimine)s, bis(phenolate)s 
and phenoxy-amines.
53
 Initiators of particular interest display high activities and/or high levels of 
stereocontrol. 
The β-diketiminate (BDI) ligand class has been widely researched, with zinc complexes showing high 
activity e.g. compound E, reported by Coates and co-workers (Fig. 3.4).
54
 Compound E was highly 
stereoselective, producing heterotactic PLA, with a Ps value of 0.90 at 293 K (1:200 [E]:[rac-LA], 
methylene chloride, 20 mins, 95 %). Substitution at the 2- and 6- positions of the aryl rings was found 
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to influence both the rate and stereoselectivity; kobs decreasing in the order iPr > Et > nPr.
53b
 The 
degree of heterotactic enchainment decreased in the same order.   
Other ligand classes have also displayed high activities. The phenoxydiamine zinc ethoxide, 
compound F (Fig. 3.4), reported by Tolman et al., is amongst the most active initiators reported to 
date, showing exceptionally high rates (1:1000 [F]:[LA], methylene chloride, 298 K, 18 min, 93 %, kp 
= 2.2 M
-1
s
-1
).
55
 It is notably faster than the phenoxy imine analogue, compound H (Fig. 3.5), which 
has a kp of 0.68 M
-1
s
-1
.
53i
 
 
Fig. 3.4: Rapid zinc initiators.
53b, 53k, 54-55
 
 
The modified tridentate β-diketiminate ligand, shown coordinated to zinc in Fig. 3.4 (compound G), 
has the potential to act as a tridentate ligand.
53k
 However, such tri-denticity was only observed in 
magnesium complexes. Nonetheless, compound G is still a rapid initiator, displaying notably higher 
rates than some other examples of BDI zinc complexes in the literature (1:100 [G]:[LA], benzene, 298 
K, 8 mins, 81 %).
53c, d
 
Recently, there have been examples of zinc initiators which display a slight isotactic bias. In 2012, Ma 
and co-workers reported zinc complexes which contained a sterically encumbered tri-dentate ligand 
system (Fig. 3.5).
56
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Fig. 3.5: Zinc-containing iso-selective initiators.
56-57
  
 
Compound H, part of a series of aminophenolate complexes, demonstrated slightly higher levels of 
iso-selectivity, combined with good rates, with Pi = 0.65 in the best case (1:200 [H]:[LA], THF, 298 
K, 75 mins, 91 %). The degree of iso-selectivity was found to be independent of solvent, with the iso-
selectivity being maintained in less polar solvents such as toluene. This iso-selectivity was, however, 
linked to the steric bulk of the phenoxide ring. When the cumyl groups were replaced with chlorides, 
the degree of stereocontrol was greatly reduced, forming essentially atactic PLA. Substitution of the 
phenyl ring did not notably affect the stereocontrol. Most recently, Ma and co-workers proceeded to 
report a highly iso-selective initiator, compound I, which at low temperatures (235 K) ring-open 
polymerized rac-LA with a Pi of 0.84 (1:1:200 [I]:[iPrOH]:[LA], toluene, 56 h, 71 %).
57
 Such levels 
of stereocontrol are rare for zinc initiators, as most commonly atactic polymers are formed. 
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3.1.3 Synthetic Methodology 
Chapter 2 described the successful synthesis of a series of bis(8-quinolinolato)aluminium ethyl 
complexes and (8-quinolinolato)gallium complexes (Compounds 2.11-2.20). The complexes were 
found to be active initiators for the ROP of rac-LA, and in some cases exerted a good degree of iso-
selectivity (Pi up to 0.76). 
Two significant trends were identified from the series of aluminium initiators: 
1. Substitution at R1 appears to increase isotacticity, with larger substituents leading to an 
increased isotactic bias. 
2. Substituting the methyl group at R3 increases the rate of polymerization.  
This chapter will focus, firstly, on expanding the series of bis(8-quinolinolato)aluminium ethyl 
complexes, in order to further investigate the structure activity relationships observed. This will 
involve stepwise synthetic routes to varying the substitution at the R1 position, as well as further 
substitution at the R3 position. Investigations into the nature of the solution structures of these 
aluminium compounds and the active alkoxide initiators will also be reported.  
The use of redox active initiators has also been discussed in this chapter. The versatile nature of the 8-
hydroxyquinoline pro-ligand lends itself to various types of substitution reactions. Therefore the 
synthesis of a redox active pro-ligand will be described, with the aim of forming a redox active bis(8-
quinolinolato)aluminium ethyl initiator. 
The second synthetic goal was the synthesis of zinc compounds, incorporating the 8-quinolinoline 
ligand system. Zinc has previously been shown to be a fast initiator in the ROP of LA, but thus far 
limited examples of stereocontrol have been reported.
54, 56-58
 Investigations into the synthesis, 
reactivity and stereocontrol of a series of (8-hydroxyquinolato)zinc ethyl complexes will be described. 
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3.2 Further Pro-Ligand Synthesis 
The general structure of the series of bis(8-quinolinolato)aluminium ethyl complexes is illustrated in 
Fig. 3.6. 
 
Fig. 3.6: General structure of compounds 2.11-2.20. 
 
Structure-activity relationships, determined when compounds 2.11-2.20 were employed as initiators in 
the ROP of rac-LA, showed that the R1 and R3 substituents could lead to increased iso-selectivity and 
polymerization activity, respectively. In order to probe this result further, new 8-hydroxyquinoline 
pro-ligands were synthesised. 
3.2.1 Substitution at R1 and R3 
In order to investigate the effect of the substitution at the R3 position a new pro-ligand was 
synthesised, where R3 = phenyl (compound 3.1), via a modified literature procedure (Fig. 3.7).
36c
 The 
compound was isolated as an off-white solid in a moderate yield (53 %). Compound 3.1 was fully 
characterised by NMR spectroscopy and elemental analysis. 
 
Fig. 3.7: Structure of compound 3.1. 
 
 
A slightly more complicated synthetic methodology was required to achieve increased steric bulk at 
the R1 position. It was decided to utilise the easy and high yielding synthesis of the mixed halide 
compound 2.6, previously described in Chapter 2, and the lability of the iodo-group towards the 
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Suzuki cross-coupling reaction. Suzuki cross-coupling reactions are well known as an accessible route 
to achieving a large range of cross-coupled aryl products.
59
  
The 8-hydroxyquinoline compounds have a high affinity for metals, as demonstrated in Chapter 2, 
readily forming complexes with a range of different metal precursors.
60
 It was therefore necessary to 
use a protecting group for the Suzuki cross-coupling reaction, which was capable of withstanding the 
aqueous base conditions used. The hydroxyl group was protected by reaction with an excess of 2-
bromopropane, forming the iso-propoxide compound, 3.2 (Scheme 3.1). Compound 3.2 was then 
reacted with phenyl boronic acid, in a small excess, in the presence of a catalyst, 
tetrakis(triphenylphosphine) palladium(0). After heating at reflux (373 K), for approximately 40 
hours, the reaction had proceeded to full conversion. After isolation by column chromatography 
compound 3.3 was obtained in a good yield (88 %). Compound 3.3 was then de-protected using boron 
trichloride, yielding the desired pro-ligand compound 3.4 (82 %). 
 
Scheme 3.1: Synthetic pathway to achieving the pro-ligand, compound 3.4. Reagents and conditions: 
i. 2-bromopropane, potassium carbonate, DMSO, 298 K, 16 h, 79 % ii. Phenyl boronic acid, 
Pd(PPh3)4, sodium caronate (aq), toluene, ethanol, 373 K, 40 h, 88 % iii. Boron trichloride, methylene 
chloride, 220 K, 2 h, 82 %. 
 
Both compounds 3.3 and 3.4 were fully characterised by NMR spectroscopy, mass spectrometry and 
by elemental analysis. 
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3.2.2 Ferrocene-Containing Pro-Ligands 
As discussed in the Introduction, the ability to control a polymerization with a redox ‘switch’ has been 
reported by Long and Gibson and more recently by Diaconescu and co-workers.
45, 47a
 
Initial studies with the 8-hydroxyquinoline pro-ligand system have shown that it can be easily 
manipulated, allowing multiple ligand derivatives to be readily accessible. Following the relative ease 
with which the pro-ligand underwent the Suzuki cross-coupling reaction, vide supra, the palladium 
catalysed Sonogashira cross-coupling reaction was targeted. This would allow a synthetic route to the 
incorporation of a ferrocene moiety into the ligand system via an alkyne linker. 
Again, the synthetic procedure began with 5-chloro-7-iodo-8-hydroxy-2-methylquinoline, compound 
2.6. A protecting group was required, but in this case a more easily cleaved acetate group was 
sufficient to cope with the basic, but anhydrous, Sonogashira cross-coupling conditions. The protected 
compound, 3.5, was prepared by heating compound 2.6, at reflux (410 K), in a solution of acetic 
anhydride. The protected 8-acetoxy-5-chloro-7-iodo-2-methylquinoline (compound 3.5) was then 
reacted with ethynylferrocene, with bis(triphenylphosphine)palladium(II)dichloride and copper iodide 
being used as the catalytic system. Compound 3.6 was isolated by column chromatography in high 
yields (85 %). The target compound was achieved by de-protection of compound 3.6, under aqueous 
base conditions. The product was purified by column chromatography, yielding compound 3.7 as an 
orange powder in high yield, 89 % (Scheme 3.2). 
81 
 
Chapter 3 
 
 
Scheme 3.2: Synthetic route to achieving the pro-ligand, compound 3.7. Reagents and conditions: i. 
acetic anhydride, 410 K, 5 h, 90 %; ii. CuI (5 %), Pd(PPh3)2Cl2 (5 %), NEt3, THF, 298 K, 12 h, 85 %; 
iii. NEt3/H2O, 370 K, 6 h, 89 %. 
 
The structure of compound 3.7 was confirmed by NMR spectroscopy, IR spectroscopy and by 
elemental analysis. 
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3.3 Further Derivatives of Bis(8-quinolinolato)aluminium Ethyl Complexes 
3.3.1 Bis(8-quinolinolato)aluminium Ethyl Complex Synthesis 
Compounds 3.8, 3.9 and 3.10 were synthesised by the reaction of two equivalents of the 8-
hydroxyquinoline pro-ligands, 3.1, 3.4 and 3.7, with triethylaluminium, in toluene at 298 K (Scheme 
3.3). Compounds 3.8 and 3.9 were isolated as crystalline yellow solids in good to low yields (71 % 
and 34 %, respectively). Compound 3.8 was prepared on a relatively small scale, which may account 
for the reduced yield. Compound 3.10 was isolated as an orange solid in good yield (63 %). 
 
Scheme 3.3: General synthesis of initiators 3.8-3.10, numbering scheme included. Reagents and 
conditions: i. Toluene, 298 K, 12 h, 3.8 (71 %), 3.9 (34 %), 3.10 (63 %). 
 
Complexation was confirmed by 
1
H NMR spectroscopy where a down-field shift of the ligand 
protons, characteristic of complexation to a Lewis acidic metal centre, was observed. All compounds 
have a triplet, corresponding to the methyl protons, resonating at 0.21, 1.05 and 0.67 ppm, 
respectively. The methylene protons of compounds 3.9 and 3.10 resonate as a doublet of quartets at 
0.25-0.75 ppm, indicating that the complexes are chiral and the methylene protons are diastereotopic. 
This is in line with NMR results of compounds 2.11-2.20. The methylene protons of compound 3.8 
were observed at a considerably higher shift, -1.08 ppm, with the two quartets only being observable 
at higher resolution, 500 MHz (Fig. 3.8). 
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Fig. 3.8: 
1
H NMR of the methylene protons of compound 3.8 at 500 MHz in THF-d8. 
 
A possible explanation for the high upfield shift observed with compound 3.8 could be the interaction 
of the C-H of the methylene group with the phenyl ring of the ligand. No further variations between 
the spectra of 3.8 and 3.9-3.10 were observed, i.e. in the 
13
C{
1
H} NMR spectrum. Compounds 3.8-
3.10 were further characterised using NMR spectroscopy and the stoichiometry was confirmed by 
elemental analyses.  
3.3.2 X-ray Crystal Structure of Compound 3.8 
It was initially considered that the 
1
H NMR chemical shifts might be a result of the ligands 
coordinating in a different geometry to the aluminium metal centre (see Chapter 2). In order to 
confirm the structure of compound 3.8, crystals suitable for single crystal X-ray diffraction 
experiments were grown from a saturated solution of toluene. 
The compound crystallised in a C2/C space group, as illustrated in Fig. 3.9, consistent with a racemic 
complex, and had a distorted trigonal bipyramidal geometry (τ = 0.61). It is possible to compare the 
structure with that obtained for bis(5-chloro-7-iodo-2-methyl-8-hydroxyquinolinolate)aluminium 
ethyl compound (2.16). The Al-O and Al-C bond lengths are comparable between the two 
compounds, however the Al-N bond lengths of compound 2.16 are approximately 0.1 Å longer; 
2.1527(10) and 2.1892(10) versus 2.093(7) and 2.087(7). This could be due to the increased steric 
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influence of the phenyl R3 substituent. The axial N-Al-N bond angle is approximately the same in 
both compounds. Selected key bond lengths and bond angles are reported in Table 3.1. 
 
Fig. 3.9: The crystal structure of complex 3.8. 
 
Table 3.1: Selected bond lengths (Å) and angles (°) for the crystal of 3.8. For full data see appendix. 
Bond Length 3.8 Bond Length 3.8 
Al–O(9) 1.7989 (9) Al–N(21) 2.1527 (10) 
Al–N(1) 2.1892 (10) Al–C(40) 1.9746(13) 
Al–O(29) 1.8007 (10)   
Bond Angle 3.8 Bond Angle 3.8 
O(29)–Al–N(1) 89.27(4) N(21)–Al–N(1) 165.14(4) 
O(9)–Al–O(29) 109.02(5) N(1)–Al–C(40) 94.77(5) 
O(9)–Al–N(21) 88.62(4) O(29)–Al–N(21) 82.59(4) 
O(9)–Al–C(40) 122.89(5) O(21)–Al–C(40) 128.02(5) 
N(1)–Al–O(9) 82.28(4) N(21)–Al–C(40) 100.04(5) 
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3.3.3 Polymerization of rac-Lactide using 3.8-3.10 
Compounds 3.8-3.10 were tested as initiators in the ring-opening polymerization of rac-Lactide. 
 
Fig. 3.10: General polymerization procedure. Reagents and conditions: i. [3.8-3.10]:[iPrOH]:[LA], 
1:1:100, Toluene, 348 K. 
 
The polymerizations were conducted under identical conditions to those described in Chapter 2, i.e. 
toluene and 348 K with one equivalent of iso-propyl alcohol. All experiments were run at a standard 
concentration of rac-lactide (1 M) and using 10 mM concentration of initiator (i.e. 1:100 loading of 
initiator:lactide). Again, in the absence of iso-propyl alcohol little to no monomer conversion was 
observed. The polymerizations were monitored by conventional aliquot techniques which were then 
analysed by NMR spectroscopy to determine the percentage conversion. Size exclusion 
chromatography (GPC-MALLS) was used to determine the evolution of the number-averaged 
molecular weight and the PDI throughout the reactions. The tacticity of the resulting PLA was 
assessed by integration of the methine region of the homonuclear decoupled NMR spectrum and by 
using Bernoullian statistics to predict tetrad probabilities.
19
 Complexes 3.8-3.10 were all active 
initiators in the polymerization of rac-LA, the polymerization results are summarised in Table 3.2. 
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Table 3.2: Polymerization data using initiators 3.8-3.10. 
Initiator (I) Time (h) Convsn.
b
 % kobs × 10
-6
 s
-1c
 Mn (g mol
-1
)
 d
 PDI
d
 Pi
e 
3.8 27.5 91 24 9,700 1.11 0.56 
3.9 165 93 4.3 10,500 1.13 0.75 
3.10 288 88 2.2 12,700 1.05 0.66 
aPolymerization conditions: Toluene, 348 K, 1:1:100 [I]:[iPrOH]:[LA], 1 M [LA]. bDetermined by integration of the methine 
region of the 1H NMR spectrum (LA 4.98-5.04 ppm; PLA 5.08-5.22 ppm). cDetermined from the gradients of the plots of 
ln{[LA]0/[LA]t} versus time. 
dDetermined by GPC in THF, using multiangle laser light scattering (GPC-MALLS). 
eDetermined by analysis of all the tetrad signals in the methine region of the homonuclear decoupled 1H NMR spectrum. 
 
3.3.4 Polymerization Kinetics of Initiators 3.8-3.10 
The polymerization kinetics were monitored for each initiator, showing a first-order dependence on 
lactide concentration in every case; the pseudo first-order rate constants, kobs, were obtained as the 
gradient of the linear fits to plots of ln([LA]0/[LA]t) versus time (Fig. 3.11).
††
 
 
Fig. 3.11: Plot of ln([LA]0/[LA]t) vs. time of initiators 3.8-3.10. Conditions: [LA]0 = 1 M, 1:1:100 
[I]:[iPrOH]:[LA], toluene, 348 K. 
                                                     
††††
 Visiting student Sittichoke Tabthong is thanked for his assistance with polymerization studies using 3.9. 
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Compound 3.8, which contains a phenyl substituent at the R3 position, was the most active of the 
three new initiators. As anticipated, and as observed with compound 2.19 (R3 = tBu), when the methyl 
group at R3 is substituted for a larger, more electron-rich moiety, the rate of polymerization increased. 
Compound 3.8 is, however, only approximately half as active as the related compound 2.19. There are 
two possible explanations for the increase in rate with substituent variation at R3:  
1. The R3 position could exert more of an electronic influence on the aluminium centre than has 
previously been observed by variation of substituents at either the R1 or R2 positions. 
2. The solution structure compounds 2.19 and 3.8 may adopt different conformations to the 
other initiators in the series.  
In order to further investigate the solution structures of the more active initiators, 2.19 and 3.8, a 
series of NMR experiments were conducted, vide infra. 
Compounds 3.9 and 3.10 have comparable rates to other bis(8-quinolinolato)aluminium ethyl 
compounds, 2.11-2.18 and 2.20, in the series. Compound 3.9 has a significantly slower rate than 3.10, 
kobs = 2.2 x 10
-6
 s
-1
 versus 4.3 x10
-6
 s
-1
, perhaps due to the bulky phenyl group, at R1, lying close to the 
coordination sphere. This reduced rate is, nevertheless, comparable with the other compounds in the 
series, i.e. 2.12, 2.16 and 2.17. Compound 3.9 also has a short lag period at the start of the 
polymerization, likely owing to the slow formation of the active alkoxide initiating species. This was 
also observed with the slowest initiator in the series, compound 2.18. 
 
3.3.5 Polymerization Control of Initiators 3.8-3.10 
Compounds 3.8-3.10 exhibited a high degree of polymerization control, with all initiators showing a 
linear evolution of molecular weight with percentage conversion, and Mn values being close to those 
predicted on the basis of the initiator concentration (Table 3.2). The PDIs are narrow, remaining low 
throughout the course of the polymerizations, below 1.15 in all cases. Both of these are factors are 
indicative of a controlled polymerization. This level of polymerization control is comparable to both 
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the bis(8-quinolinolato)aluminium ethyl compounds and the bis(8-quinolinolato)gallium tert-butoxide 
compound featured in Chapter 2. 
The end groups of the polymers were analysed using MALDI-ToF mass spectrometry, which showed 
that the major series were chains end-capped with iso-propyl ester groups (Fig. 3.12). The peaks are 
separated by 144 amu, consistent with only limited inter-molecular transesterification occurring. A 
minor series of peaks, which are due to inter-molecular transesterification, are highlighted in blue. 
 
Fig. 3.12: MALDI-ToF spectrum of the PLA produced using initiator 3.10. 
 
3.3.6 Stereocontrol of Initiators 3.8-3.10 
Compounds 3.8-3.10 all polymerize rac-LA with a degree of isotactic enchainment. This is consistent 
with other bis(8-quinolinolato)aluminium ethyl compounds, previously discussed. The degree of 
tacticity control varies with substitution, compound 3.8 inducing the lowest iso-selectivity, Pi = 0.56. 
This low level of stereocontrol was observed with the related compound, 2.19 and also with 2.11, 
where R1= R2= H (Pi = 0.57 and 0.62, respectively). 
Due to inter-molecular 
transesterification 
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It was postulated that increasing the steric bulk at the R1 position, i.e. R1 = phenyl 3.9, could lead to 
an increase in iso-selectivity, based on previous observations. Whilst compound 3.9 does exert a 
significant degree of stereocontrol, Pi = 0.75, the value does not exceed other highly iso-selective 
initiators, where R1 = I or Br. It is arguable that a phenyl group is not the best model to test this 
hypothesis, due to its planar nature. Attempts to couple other larger substituents at the R1 position of 
the pro-ligand, such as a mesityl group, failed due to problems isolating and purifying the compounds. 
Initiator 3.10 has a lower isotactic bias, Pi = 0.66, likely owing to the rigid alkyne linker providing 
little steric influence on the metal centre.  
The analysis of the isotactic PLA produced by the most selective initiators (i.e. 3.9 and 3.10) indicates 
that an enantiomorphic site control mechanism is dominant [sis]:[sii]:[iis]:[isi] = 1:1:1:2 ratio. This is 
consistent with the racemic nature of the initiators and has been observed with other moderately iso-
selective initiators in the series (2.13, 2.14, 2.16, 2.17, and 2.18). 
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3.4 Solution Structural Investigations  
Compounds 2.19 and 3.8 have a noticeably higher activity than other bis(8-quinolinolato)aluminium 
ethyl compounds in the series. Both compounds have differing substitution at the R3 position than the 
rest of the series; 2.19 R3 = tBu, 3.8 R3 = Ph, whilst for the rest of the series R3 = Me. It was of interest 
to assess how these two different classes of compound behaved in solution, in order to ascertain 
whether this may have any effect on their activity towards the ROP of LA. Compounds 2.16 (where 
R1 = I, R2 = Cl and R3 = Me) and 3.8 were obvious choices to investigate as both structures have been 
resolved by X-ray crystallography, thus solid state atomic radii could be calculated. 
Diffusion-ordered NMR spectroscopy (DOSY) was carried out in order to obtain a solution 
hydrodynamic radius of both compounds. The DOSY experiments were conducted in toluene-d8, as 
toluene was employed as the solvent in polymerization experiments. The volumes obtained from the 
X-ray crystal structures were acquired by assuming spherical shape and correcting for the volume of 
the unit cell. 
From the DOSY NMR experiment a diffusion coefficient (D) of 8 x 10
-10
 and 1 x 10
-9
 was obtained 
for 2.16 and 3.8, respectively. Using the Stokes-Einstein equation (below) the hydrodynamic radii, rs, 
was determined. 
  
  
     
 
Where rs is the hydrodynamic radius, k is the Boltzmann constant, T is the temperature and η is the 
viscosity of the liquid. 
 
In the case of compound 2.16 the radius calculated from the DOSY experiment (4.6 Å), corresponds 
well with the value obtained from the X-ray crystal structure (4.6 Å). However, in the case of 
compound 3.8 the radius calculated from the DOSY experiment (3.7 Å) is slightly lower than the 
value acquired from the X-ray crystal structure (4.69 Å). Both of these values suggest that both 
91 
 
Chapter 3 
 
compounds 2.16 and 3.8 are monomeric in toluene-d8 solution, as if the compounds were dinuclear in 
solution, a larger hydrodynamic radius would be anticipated. 
Whilst this result goes some way to showing the solution structure of the two types of compound, they 
are not the active initiating species. The true iso-propoxide initiating species, formed in situ, may have 
a different solution conformation. To this end, iso-propoxide derivatives of compounds 2.13 and 3.8 
were synthesised. Compound 2.13 was used in place of compound 2.16 as the compound 2.16-OiPr 
was not be isolated cleanly. However, the structures differ only slightly, 2.13 R1 = Cl and 2.16 R1 = I, 
so comparison of r values obtained from X-ray diffraction data is still possible. Compound 2.13-OiPr 
was synthesised by reaction of two equivalents of 8-hydroxyquinoline, compound 2.3, with 
aluminium iso-propoxide, (Al(OiPr)3)4, and was isolated as a yellow solid. Compound 3.8-OiPr was 
synthesised by an alcholysis reaction with iso-propyl alcohol at 338 K (Scheme 3.4). 
 
Scheme 3.4: Synthetic procedure for the formation of aluminium alkoxide, 3.8-OiPr. Reagents and 
conditions: Toluene, 338 K, 72 h, 90 %. 
 
Both compounds 2.13-OiPr and 3.8-OiPr were isolated in quantitative yields and the stoichiometry 
was confirmed by elemental analyses. Diffusion-ordered NMR spectroscopy experiments were 
conducted and a diffusion coefficient of 1 x 10
-9
 was determined for both compounds. Using the 
Stokes-Einstein equation a hydrodynamic radius, rs, of 3.7 Å was calculated for both compounds 
2.13-OiPr and 3.8-OiPr. Comparison of these values with the radii calculated from the X-ray crystal 
structures of compound 2.16 and 3.8 (4.6 and 4.69 Å, respectively) indicates the mononuclear 
structure is maintained in solution. The hydrodynamic radii of 2.13-OiPr and 3.8-OiPr also match 
well with the hydrodynamic radii of 2.16 and 3.8, vide supra.  
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These studies provide evidence that the increased activity observed in compounds 2.19 and 3.8 is not 
due to the differing solution conformation. Instead, the increased rate is more likely due to electronic 
influence of the R3 position. It is suggested that the Lewis acidic aluminium centre is more sensitive 
to substitution at R3, than at R1 or R2. 
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3.5 (8-Quinolinolato)zinc Ethyl Complexes 
The 8-hydroxyquinoline pro-ligand has already shown versatility in coordination to a variety of Lewis 
acidic metal centres (Chapter 2). The synthesis of mono-ligated (8-quinolinolato)zinc complexes was 
an attractive synthetic target, due to the high rates observed with zinc initiating systems and the 
comparable atomic radius of zinc, to those of aluminium and gallium. Related quinolinyl anilido-
imine and tridentate ketoiminate ligands have shown good precedent for coordination to zinc metal 
centres and have shown moderate activity towards the ROP of LA.
61 
3.5.1 (8-Quinolinolato)zinc Ethyl Complex Synthesis 
The 8-hydroxyquinoline pro-ligands (2.3, 2.6 and 3.7) were reacted with an equimolar quantity of 
diethylzinc, in toluene at 298 K (Scheme 3.5). During the course of the reaction a precipitate formed, 
which after stirring for 12 hours was isolated by filtration to yield 3.11-3.13 as a yellow (3.11 and 
3.12) or orange (3.13) solid in good yield (60-78 %). 
 
Scheme 3.5: General synthesis of initiators 3.11-3.13, numbering scheme included. Reagents and 
conditions: i. Toluene, 298 K, 12 h, 78 % (3.11), 70 % (3.12), 60 % (3.13). 
 
The new compounds were characterised by NMR spectroscopy and the stoichiometry was confirmed 
by elemental analysis. The 
1
H NMR spectra showed a characteristic shift in the quinolinolato protons, 
indicative of coordination to the Lewis acidic zinc centre resulting from deshielding of the nuclei. The 
zinc ethyl groups resonate as a quartet, at ~0.4 ppm, assigned to the methylene protons and a triplet, at 
1.2 - 1.3 ppm, assigned to the methyl protons.  
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3.5.2 X-ray Crystal Structure of 3.11 
Crystals suitable for X-ray diffraction experiments were grown of compound 3.11 from a saturated 
THF/hexane solution. Compound 3.11 crystallised as a dimeric species, with a centre of symmetry in 
the middle of the Zn2O2 ring (Fig. 3.13). 
 
Fig. 3.13: The crystal structure of complex 3.11 
 
Each Zn(II) centre has a four coordinate distorted tetrahedral geometry, whilst the two zinc centres are 
bridged by the phenolate oxygen. Polynuclear structures have been observed with other heteroleptic 
zinc quinolinolate complexes. The dimerization occurs when there is minimal steric influence from 
the ligand, and examples of other multinuclear zinc quinolinolate complexes also show bridging via 
the phenolate oxygen.
60a
 Such dimerization is not observed in the related, zinc N,N,N-tridentate 
quinolinyl anilido-imine and ketoiminate complexes, due to the steric demands of the supporting 
ligand.
61
 Selected key bond lengths and bond angles are shown in Table 3.3. 
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Table 3.3: Selected bond lengths (Å) and angles (°) for the crystal of 3.11. For full data see appendix. 
Bond Length 3.11 Bond Length 3.11 
Zn (1) - C (13) 1.984 (2) Zn (1) - O (12) 2.0776 (14) 
Zn (1) - O (12A) 2.0761 (15) Zn (1) - N (1) 3.0998 (6) 
Bond Angle 3.11 Bond Angle 3.11 
C (13) - Zn (1) - O (12A) 117.05(8) O (12A) - Zn (1) - N (1) 105.43(6) 
C (13) - Zn (1) - O (12) 129.36(8) O (12) - Zn (1) - N (1) 80.54(6) 
C (13) - Zn (1) - N (1) 128.80(8) Zn (1A) - O (12) - Zn (1) 96.54(6) 
O (12A) - Zn (1) - O (12) 83.46(6)   
 
3.5.3 Polymerization of rac-Lactide using 3.11-3.13 
Compounds 3.11-3.13 were tested as initiators for the ROP of rac-LA (Fig. 3.10). The 
polymerizations were all conducted under a standard set of conditions; in THF or methylene 
dichloride, at 298 K, with one equivalent of iso-propyl alcohol. All experiments were conducted at a 
standard concentration of rac-lactide (1 M) and using 10 mM concentration of initiator (i.e. 1:100 
loading of initiator:lactide). As with the series of bis(8-quinolinolato)aluminium ethyl complexes, the 
iso-propyl alcohol is expected to react with the zinc ethyl bond, in situ, forming the active iso-
propoxide initiator. The polymerizations are all highly air and moisture sensitive and so were carried 
out in a nitrogen-filled glovebox. The reactions were monitored according to the procedures described 
in Chapter 2. Complexes 3.11-3.13 were all active initiators in the polymerization of rac-LA, the 
polymerization results are summarised in Table 3.4. 
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Table 3.4: Polymerization data using initiators 3.11-3.13. 
Initiator (I) Solvent Time (min) Convsn.
b
 % kobs × 10
-4
 s
-1c
 Mn (g mol
-1
)
 d
 PDI
d
 Ps
e 
3.11 THF 445 93 1.4 8,800 1.15 0.66 
3.12 THF 240 90 2.1 8,700 1.06 0.66 
3.13 THF 480 93 0.9 11,000 1.09 0.65 
3.11 DCM 260 92 1.7 9,600 1.03 0.60 
3.12 DCM 200 92 2.4 9,000 1.03 0.60 
aPolymerization conditions: 298 K, 1:1:100 [I]:[iPrOH]:[LA], 1 M [LA]. bDetermined by integration of the methine region 
of the 1H NMR spectrum (LA 4.98-5.04 ppm; PLA 5.08-5.22 ppm). cDetermined from the gradients of the plots of 
ln{[LA]0/[LA]t} versus time. 
dDetermined by GPC in THF, using multiangle laser light scattering (GPC-MALLS). 
eDetermined by analysis of all the tetrad signals in the methine region of the homonuclear decoupled 1H NMR spectrum. 
 
3.5.4 Polymerization Kinetics of Initiators 3.11-3.13 
The polymerization kinetics were monitored for each initiator and show a first-order dependence on 
lactide concentration in every case. The pseudo first-order rate constants, kobs, were determined when 
the polymerization was conducted in both THF (Fig. 3.14) and methylene dichloride (Fig. 3.15). 
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Fig. 3.14: Plot of ln([LA]0/[LA]t) vs. time of initiators 3.11-3.13. Conditions: [LA]0 = 1 M, 1:1:100 
[I]:[iPrOH]:[LA], THF, 298 K. 
 
Fig. 3.15: Plot of ln([LA]0/[LA]t) vs. time of initiators 3.11-3.12. Conditions: [LA]0 = 1 M, 1:1:100 
[I]:[iPrOH]:[LA], methylene chloride, 298 K. 
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Compounds 3.11-3.13 are all active initiators at 298 K. This is in contrast to what was observed in the 
bis(8-quinolinolato)aluminium ethyl complex series, which required elevated temperatures in order 
for polymerization to occur. The lack of activity, at 298 K, was attributed to the failure to form any 
aluminium alkoxide initiator. It can therefore be assumed that the (8-quinolinolato)zinc ethyl 
complexes more readily form the active zinc iso-propoxide species, than related aluminium 
compounds. This is supported by the reduced bond dissociation energy of zinc, Zn-C2H5 201 kJ mol
-1
, 
compared to aluminium, Al-C 255 kJ mol
-1
.
41
 The (8-quinolinolato)zinc ethyl complexes were also 
active towards the ROP reaction in the absence of iso-propyl alcohol. The Zn-ethyl bond initiated the 
polymerization at 348 K, albeit to form polymers with extremely high molecular weights. This 
indicates that not all of the Zn-ethyl bonds are implicated in the polymerization. 
When the polymerizations were conducted in THF a significant lag period, of approximately one hour 
for compound 3.12 and two hours for compounds 3.11 and 3.13, was observed. After this initial lag 
period, the polymerizations progressed in a controlled fashion, obeying pseudo first-order rate 
kinetics. Interestingly, when methylene dichloride was employed as a solvent, using initiators 3.11 
and 3.12, this lag period was not observed. This induction period is most likely due to the slow 
formation of the active initiator. The coordinating solvent, THF, must therefore prevent the iso-propyl 
alcohol from reacting with the zinc-carbon bond. If the initial lag periods are discounted, then the 
choice of solvent does not greatly affect the activity of the initiators and the observed rate constants, 
kobs are comparable (3.11: kobs = 1.4 x 10
-4
 s
-1
 (THF), kobs = 1.7 x 10
-4
 s
-1 
(methylene chloride)). The 
polymerization of compound 3.13 in methylene dichloride was not monitored, due to the reduced 
solubility of the initiator. 
Compounds 3.11-3.13 are all good-moderate initiators, reacting in the order 3.12 > 3.11 > 3.13. 
Compounds 3.11 has a reduced activity compared to compound 3.12, with observed rates of kobs = 1.7 
x 10
-4
 s
-1
 and kobs = 2.4 x 10
-4
 s
-1
, respectively. When the chloride substituent at R1, 3.11, is replaced 
with a halide with less electron withdrawing ability, i.e. iodine 3.12, an increase in the rate of 
polymerization is observed. This increase in rate is consistent with a more Lewis acid metal centre. In 
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compound 3.13, an ethynyl ferrocene group is located at R1. This leads to a reduction in rate, 
potentially due to the increased steric influence of the ligand. 
Comparison of activity with other zinc-based initators, showed the (8-quinolinolato)zinc ethyl 
complexes to be good initiators for the ROP of LA. The initiators display a similar activity to 
previously reported Schiff base zinc complexes and zinc guanidinate complexes.
53c, 53f
 They have an 
increased activity compared to the related zinc ketoiminate compounds (1:100 I:[LA], 298 K, 
chloroform, 24 h, 100 %), which contain a quinolinolato type ligand systems.
61b
 However, they 
display much lower activity compared with leading zinc initiators, e.g. compounds E and F.
53i, 55
 
3.5.5 Polymerization Control of Initiators 3.11-3.13 
Initiators 3.11-3.13 exhibited a high degree of polymerization control. All initiators show a linear 
evolution of molecular weight with percentage conversion, and Mn values are close to those predicted 
on the basis of the initiator concentration (Table 3.4). The PDIs are narrow throughout the reaction, 
below 1.10 in all cases. 
The end groups of the polymers were analysed using MALDI-ToF mass spectrometry, which showed 
that the major series were chains end-capped with iso-propyl ester groups (Fig. 3.16). The peaks are 
separated by 144 amu, consistent with only limited inter-molecular transesterification occurring. A 
minor series of peaks, due to inter-molecular transesterification, are highlighted in blue. 
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Fig. 3.16: MALDI-ToF spectrum of the PLA produced using initiator 3.11. 
 
3.5.6 Stereocontrol of Initiators 3.11-3.13 
Compounds 3.11-3.13 polymerize rac-LA with a slight heterotactic bias, maximum Ps = 0.66. The 
degree of stereocontrol does not change as the substituents at the R1 position are altered, even when 
the halide group at R1 (3.11 and 3.12) is replaced with a more sterically encumbered ethyenyl 
ferrocene group (3.13). This may suggest that the R1 position does not have a steric influence on the 
zinc metal centre. These observations are in contrast to what has been observed with varying 
substitution at the R1 position in the bis(8-quinolinolato)aluminium ethyl complex series. A slightly 
higher degree of stereocontrol was observed when the polymerizations are conducted in THF versus 
methylene dichloride, Ps = 0.66 versus 0.60 for both compounds 3.11 and 3.12. Such improvement in 
stereocontrol when THF is employed as a solvent is not unusual, and has been observed for many 
initiating systems.
62
 It has been postulated that molecules of THF coordinate to or interfere with the 
Lewis acidic metal centres, during a polymerization. This can exert a steric influence on the 
polymerization, resulting in higher degrees of stereocontrol.
62a, 63
 
Due to inter-molecular 
transesterification 
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3.6 Redox Investigations using Compounds 3.10 and 3.13 
Initiators 3.10 and 3.13 both contain a redox active ferrocene (Fc) substituent, linked by an alkyne 
unit to the R1 position of the 8-hydroxyquinolato ligand (Fig. 3.17). The activity of redox active 
initiators, in the ROP of LA, has previously been shown to be affected by the oxidation state of the 
redox active substituent.
45, 47a
 It is proposed that the polymerization activity of compounds 3.10 and 
3.13 may be altered by a change in oxidation state of the iron centre in the ferrocene unit, from Fe(II) 
to Fe(III). Such reactivity has not been previously demonstrated for Group 12 or 13 metals, in the 
ROP of LA. 
 
Fig. 3.17: Redox active compounds 3.10 and 3.11, containing the pro-ligand 3.7. 
 
In order to determine the redox activity of compounds 3.10, 3.13 and the pro-ligand 3.7 
electrochemical investigations were undertaken. The oxidation potential of the compounds must be 
established, so that suitable chemical oxidising agents may be chosen. 
3.6.1 Cyclic Voltammetric Analysis 
Cyclic voltammetric (CV) analysis was conducted, to assess the redox behaviour of compounds 3.7, 
3.10 and 3.13. Due to the air sensitive nature of the compounds, the cyclic voltammetric experiments 
were conducted under a nitrogen atmosphere in a glovebox. A wireless PalmSens
3 
potentiostat was 
used, and was controlled by a laptop via a blue tooth connection. The electrochemical cell comprised 
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of a glassy carbon working electrode, a platinum counter electrode and a platinum pseudo-reference 
electrode. A 0.1 M solution of tetrabutylammonium perchlorate in THF was used as the electrolyte; 
dilute samples of compounds 3.7, 3.10 and 3.13 were made using the same solution. Decamethyl 
ferrocene (dmfc) was used as the internal reference standard, as it was found that ferrocene had a 
similar potential to the compounds being investigated. The results are summarised in Table 3.5. 
Table 3.5: CV data for compounds 3.7, 3.10 and 3.13 
Compound E½ (V) 
3.7 0.57 
3.10 0.52 
3.13 0.54 
Conditions: 0.1 M tetrabutylammonium perchlorate in THF, glassy carbon working electrode, referenced to the redox couple 
dmfc/dmfc+=0. 
 
Compounds 3.7, 3.10 and 3.13 were found to have redox potentials of 0.57, 0.52 and 0.54 V, 
respectively. The cyclic voltamagrams were conducted over several scan rates. All compounds were 
found to undergo reversible redox processes, within the potential window tested (1.5 to -0.4 V). 
3.6.2 Oxidation Studies 
Having established the redox potentials for compounds 3.7, 3.10 and 3.13, potential oxidising agents 
were investigated. Initial oxidations were attempted using silver salts as oxidising agents, e.g. 
[Ag
+
][PF6
-
].  
Two equivalents of the oxidising agent were added to a solution of compound 3.10 in THF, at 298 K 
(Fig. 3.18), in an attempt to oxidised both ferrocenyl-containing ligands in the complex. After one 
hour, a brown solution was observed with a silver and brown precipitate. After centrifugation and 
removal of the solvent in vacuo, a brown solid was isolated. 
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Fig. 3.18: Suggested synthesis of [3.10]
2+ 
2[PF6]
- 
Regents and conditions: i. THF or methylene 
chloride, 298 K, 1 h. 
1 
Analysis of the brown solid by 
1
H NMR spectroscopy did not indicate that the desired paramagnetic 
product had been formed. Instead, the absence of the ethyl group was noted, perhaps indicating the 
formation of a cationic metal complex. The same observation was seen in the reaction of the related 
zinc complex, 3.13, with one equivalent of the oxidising agent. Different oxidising agents were also 
attempted: Ag
+
OTf
-
, Ag
+
BF4
-
, NO
+
BF4
-
 and Fc
+
PF6
-
. However, the same spectroscopic results were 
obtained i.e. loss of the ethyl group, spectra inconsistent with a paramagnetic species. Another 
rationale is that the complexes are unstable in their oxidised forms. For this reason an oxidant with a 
large counter ion was used, ferrocenium tetra-aryl borate (Fc
+
BARF
-
), in order to balance the charge. 
Unfortunately, the use of this oxidising agent leads to the same observations as previously described. 
 
Fig. 3.19: Proposed reaction pathway of compound 3.10. Regents and conditions: i. oxidising agent 
(Ag
+
 or Fc
+
), THF, 298 K, 1 h. 
 
From these investigations we must conclude that both compounds 3.10 and 3.13 favour alkyl 
abstraction over ligand oxidation (Fig. 3.19). There is precedent for alkyl abstraction reactions with 
organoaluminium compounds, which employ alkyl abstraction reagents such as B(C6F5)3 or 
[Ph3C][B(C6F5)4].
64
 The isolated initiators were not active in the ROP of LA. However, such cationic 
aluminium complexes have been employed for the ROP of other cyclic esters such as ε-
caprolactone.
64
 This lack of activity towards the ROP of LA has been observed with other cationic 
aluminium complexes; where cationic aluminium-lactide chelatetes were isolated.
65
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3.7 Summary and Outlook 
3.7.1 Summary 
The series of bis(8-quinolinolato)aluminium ethyl complexes, reported in Chapter 2, has been 
expanded, with new pro-ligands being synthesised by varying the substituents at the R1 and R3 
positions. Attempts to increase the steric bulk at R1 led to the synthesis of the bis(5-chloro-2-methyl-
7-phenyl-8-quinolinolato)aluminium ethyl complex (3.9), where R1 = phenyl. The complex was found 
to react with a similar activity to other bis(8-quinolinolato)aluminium ethyl complexes in the series. 
Unfortunately, although the complex still exhibited significant iso-selectivity (Pi = 0.75), an increase 
in Pi was not observed. This may be due to the planar phenyl group not significantly increasing the 
steric hindrance at the aluminium centre. 
Variation of the methyl substituent at R3 led to the formation of the bis(2-phenyl-8-
quinolinolato)aluminium ethyl complex (3.8). The activity of compound 3.8, in the ROP of rac-LA, 
was found to be higher than other compounds in the series, with high conversions being reached in 
~48 h, under the conditions tested. This increase in activity is in line with observations using 
compound 2.19, where R3 = tBu. The following order in activity, with variation at R3, was 
established: tBu > Ph > Me. 
The nature of this increase in activity when R3 ≠ Me was further investigated. Solution investigations 
were conducted, in order to assess the nuclearity of the bis(8-quinolinolato)aluminium ethyl 
complexes. Active alkoxide derivatives of compounds 2.13 and 3.8 were prepared, and their solution 
structures were assessed by comparison of the hydrodynamic radii (obtained from DOSY 
experiments) with X-ray crystallographic data. The results indicated that both 2.13-OiPr and 3.8-
OiPr were monomeric in solution, thus we can ascertain that the increase in activity is due to 
electronic effects rather than the solution behaviour of the initiators. 
A selection of (8-quinolinolato)zinc ethyl complexes were also reported, with variation in substitution 
at the R1 and R2 positions. The compounds were found to be good initiators in the ROP of rac-LA in 
the presence of exogenous alcohol, and were comparable with other fast initiating systems. The 
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complexes exerted a slight heterotactic bias on the polymerization, with a maximum Ps of 0.66, when 
THF was employed as the polymerization solvent. 
The novel compounds, 3.10 and 3.13, contain a redox active ferrocene moiety. The redox behaviour 
of the compounds was assessed by cyclic voltammetry and both were found to have a reversible redox 
couple. Attempts to chemically oxidise the compounds, using a variety of oxidising agents, proved 
unsuccessful. Analysis of the reaction products indicates degradation, possibly due to the instability of 
the oxidised product under the conditions used. 
 
3.7.2 Outlook 
The series of bis(8-quinolinolato)aluminium ethyl complexes has demonstrated good levels of 
stereocontrol, a phenomenon which is unusual in bidentate aluminium systems. The 8-
hydroxyquinoline pro-ligand has the potential to give rise to a large variety of substitution patterns, of 
which only a handful have been investigated in this thesis. The formation of highly iso-selective 
initiators continues to be an attractive target within aluminium initiating systems. Through our 
investigations into the series of bis(8-quinolinolato)aluminium ethyl complexes, it is believed that an 
increase in steric bulk at the R1 position will lead to increased stereocontrol. Further novel pro-
ligands, containing bulky aryl substituents, may be accessed through Suzuki cross-coupling reactions 
(Fig. 3.20). 
 
Fig. 3.20: Suggested substituents at the R1 position. 
 
The bis(8-quinolinolato)aluminium ethyl complexes with the highest activities have demonstrated the 
lowest level of stereocontrol; an ideal scenario would be to combine the high level of iso-selectivity 
with high activity. Suggested pro-ligands would have the following structure: R1 = halide or methyl 
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and R3 = Ph or tBu. Further investigations into the increase in activity observed when R1 ≠ Me may be 
conducted using computational methods. 
Disappointingly, the redox-active compounds, 3.10 and 3.13, could not be chemically oxidised using 
the variety of oxidants and conditions attempted. An alternative approach would be the 
electrochemical oxidation of the compounds, by holding the electro-potential at a fixed value. This 
could be conducted in situ during a polymerization, although there are a number of caveats that would 
need to be considered. These include, but are not exclusive to, (i), possible reactions of the lactide 
monomer with the electrolyte and the concentration of the oxidised/reduced species at any given 
point. This last point arises as the oxidation reaction only takes place at the surface of the electrode, 
not in the bulk of the solution. This could be overcome, to a degree, with the use of a high surface 
area electrode. In addition, (ii), conventional aliquoting techniques are likely to interfere with the 
progress of the reaction. Instead a reaction monitoring system such as an in situ ATIR could provide 
an alternative. It is possible to easily monitor the formation of PLA using such techniques. 
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Investigations into the  
Polymerization of rac-LA to Polylactide  
Using a Series of Yttrium Phosphasalen Initiators 
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4.1 Introduction 
4.1.1 Group 3 Homoleptic Initiators 
The first reports of Group 3 initiators for the ROP of lactide, in addition to other cyclic esters, applied 
homoleptic yttrium alkoxide clusters. In the 1990s, the DuPont company published the first example 
of such a dicrete yttrium alkoxide compound, Y(OCH2CH2NMe2)3, which was capable of 
polymerizing lactide, at 298 K, in a very fast and controlled fashion.
66
 Following this initial study, 
Feijen and co-workers detailed the co-polymerization of lactide, and ɛ-caprolactone, using yttrium 
iso-propoxide clusters e.g. (Y5(μ-O)(OiPr)13).
67
 This group later described the use of tris(2,6-di-tert-
butylphenolate) yttrium complexed, e.g. compound A, in combination with various alcohols in the 
ROP of SS-LA and ɛ-CL.67-68 Compound A, in the presence of iso-propyl alcohol, rapidly 
polymerized SS-LA, with full conversion achieved in minutes (1:150 [I]:[LA]). The number averaged 
molecular weight indicates that three polymer chains grew per yttrium centre, the PDI was narrow, 
showing good control. End group analysis shows only iso-propoxide chain ends. The proposed 
mechanism involves rapid exchange between the bulkier phenoxide rings and iso-propyl alcohol, with 
the active initiator being the yttrium iso-propoxide species, compound B (Fig. 4.1). 
 
Fig. 4.1: The equillbrium reaction between yttrium tris(2,6-di-tert-butylphenolate) and yttrium 
tris(iso-propoxide).
67-68
 
 
In general, studies into rare-earth metal iso-propoxide complexes have shown lanthanum to be the 
most rapid initiator, but it is generally less controlled than other metals such as yttrium, samarium and 
ytterbium.
69
 Yttrium tris(iso-propoxy ethoxide) compounds have also been shown to be faster than the 
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[Y5(μ-O)(OiPr)13] clusters, with three polymer chains growing per metal centre in the former, versus 
2.6 chains in the cluster species.
21
 
One caveat of the use of homoleptic metal alkoxide compounds is that they provide limited scope for 
catalyst improvement and also that characterisation is hampered by aggregation. Thus ligated, 
heteroleptic complexes are more amenable to achieving increased reactivity and greater 
polymerization control. Tolman and Hillmyer provided an early report of heteroleptic initiators 
(Compounds C and D, Fig. 4.2). They developed a multidentate ligand framework, which could be 
easily modified, allowing a large number of homoleptic yttrium derivatives to be proposed.
70
  
 
Fig. 4.2: Structure of the yttrium(III) complexes, C and D.
70
 
 
Compounds C and D, illustrated in Fig. 4.2, are both active for the ROP of rac-LA. Compound D 
displays higher rates, but showed poor molecular weight distribution and broad polydispersities 
([C]:[LA] 1:150, 48 h, 88 %; [D]:[LA] 1:150, 0.5 h, 97 %). Treatment of compounds C and D with 
exogenous alcohol formed new, discrete alkoxide initiators with improved activities.
71
  
4.1.2 Heteroleptic Yttrium Initiators 
The success of Group 3 metals in ROP reactions has prompted the synthesis of discrete initiating 
species, which allow the polymerization activity, control and even stereochemistry to be tailored by 
smart ligand design. Tolman and Hillmyer were among the first to report isolated, discrete, 
heteroleptic initiators, with the ytrrium(III)arylamidinates displaying high rates, polymerizing 1000 
equiv. of rac-LA in one hour, in the presence of benzyl alcohol.
72
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Over the last ten years, a wide range of heteroleptic yttrium alkoxide and amides have been reported.
4, 
73
 In order to achieve controlled, single site polymerizations the ligands are usually tridentate, or 
higher, in denticity (one dianionic ligand or two mono anionic ligands). Salen, salalen, guanadinate, 
bis(naphtholate), anilidopyridypyrrolide, 1,4,7-thiazacyclononane, amidinate, bis(thiophosphinic 
amide), phenoxy-thioesters, bis(phenoxy)amine and bis(oxoazolinate) and 1,ω-dithialkanediyl bridged 
bis(phenolate) ligand types have all been found to form good initiatiors for the ROP of LA.
23, 62d, e, 74
 
Important examples combine high rates and polymerization control, in particular stereocontrol. 
4.1.2.1 Salen-type Initiators 
The salen ligand group was popularised with the studies of aluminium initiators, forming stereoblock 
PLA. An analogous yttrium salen  initiator, Compound E (Fig. 4.3), was more active than the 
aluminium analogue but failed to induce any degree of stereocontrol (1:100 [E]:[LA], toluene, 343 K, 
14 h, 97 %).
75
 This increased activity, combined with loss of stereocontrol between analogous 
aluminium and yttrium systems has been observed in other salen-type complexes (Compound G, Fig. 
4.3).
76
 
 
Fig. 4.3: Examples of yttrium salen and salalen initiators.
47a, 74h, 75-76
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One highly active initiator is Compound F, Fig. 4.3, which rapidly polymerized, SS-lactide, with 90 % 
conversion to PLA (1:500 [F]:[LA]), 298 K, THF, 40 mins).
47a
 Recent reports using a modified 
‘salalen’ ligand system (Compound H, Fig. 4.3) demonstrate equivalent high rates and high levels of 
heteroselectivity (1:1000 [H]:[LA], THF, 298 K, 1 h, 90 %). The heteroselectivity, Ps = 0.85, was seen 
to reduce to 0.60 when the solvent was switched from THF to toluene.
74h
 
4.1.2.2 Heteroselectivity 
Other ligand systems have also proved effective for the stereocontroled ROP of LA, a selection of 
heteroselective yttrium initiators are illustrated in Fig. 4.4.
62a, 62c, d, 74g, 77
 Compound I was the first 
example of a yttrium initiating system that displayed high levels of heteroselectivity, Ps = 0.80 in THF 
(1:100 [I]:[LA], THF, 293 K, 1 h, 97 %). Choice of solvent was crucial in achieving such high 
heteroselectivity. A reduction in heteroselectivity was observed (Ps = 0.60) when the less coordinating 
solvent, toluene, was used. The zwitterionic complex, Compound J, reported by Mountford and co-
workers was found to be a rapid initiator, whilst displaying exceptionally high levels of stereocontrol 
(1:5:100 [J]:[BnOH]:[LA], THF, 298 K,  20 mins, 90 %, Ps = 0.92). 
 
Fig. 4.4: Examples of heteroselective yttrium initiators.
62a, 62d, 74g
 
 
Previous work from the Williams research group focused on bis(thio/oxo phosphinic)diamido yttrium 
initiators e.g. Compound K (Fig. 4.4).
62a, 77a-c
 These complexes show excellent rates for LA ROP and 
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reasonable polymerization control. The nuclearity of the initiator was shown to be crucial in 
determining the level of stereocontrol, with a mononuclear complex enabling high degrees of 
heteroselectivity (1:200 [I]:[LA], THF, 298 K, kobs = 8.36 x 10
-3
 s
-1
, Ps = 0.85). 
4.1.2.3 Iso-selectivity 
Examples of iso-selective initiators using elements other than in Group 13 remain extremely rare. To 
date, there has only been one notable example of an iso-selective yttrium initiator for the ROP of rac-
LA. The homochiral yttrium (phosphine oxide-alkoxide) complex, compound L (Fig. 4.5), reported 
by Arnold et al., showed a Pi value of 0.81, at 288 K (1:200 [L]:[LA], methylene chloride, 10 mins, 
98 %).
78
 
 
Fig. 4.5: Iso-selective homoleptic yttrium initiator.
78
 
 
 
4.1.3 Scandium Initiators 
Scandium complexes have received much less attention for LA ROP, possibly due to difficulties 
isolating such species. There are, however, a few notable examples. For instance Okuda and co-
workers reported compound M (Fig. 4.6), which polymerized LA in a rapid and highly heteroselective 
fashion (Ps up to 0.95).
62e
 A proposed mechanism suggests the complex interconverts between two 
enantiomeric forms, Λ and Δ, which each show a particularly selectivity for a certain enantiomer of 
lactide. As the enantiomers of the complex are undergoing dynamic exchange, it is proposed that 
heteroselectivity arises due to the complex isomerisation occurring more rapidly than lactide insertion. 
The analagous yttrium dithialkanediyl bridged bis(phenolate) complexes showed a reduction in 
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stereocontrol (Ps = 0.86), possibly owing to the reduced atomic radius of scandium compared to 
yttrium.
77f
 
 
Fig. 4.6: Examples of heteroselective scandium initiators.
62e, 79
 
 
Compound N (Fig. 4.6), reported by Carpentier and co-workers, also displayed a higher 
heteroselectivity than the yttrium analogue (0.93 versus 0.84), although the opposite was reported for 
other variations of silyl R-groups in the series.
79
 
4.1.4 Yttrium Phosphasalen Initiators 
In early 2012, our collaboration with the group of Audrey Auffrant at École Polytechnique, Paris, led 
to the development of a series of novel yttrium phosphasalen compounds. Whilst the development of 
the popular salen ligand type has played an important role in the development of many catalytic 
processes, few adaptations have been made to the imine moiety.
47a, 49a
 Imino phosphoranes have, 
however, been widely studied, their reactivity being quite different from a conventional imine due to a 
reduced π system.80 The replacement of the salen imine moiety with an imino phosphorane led to the 
development of ‘phosphasalen’ ligand types. Two such yttrium phosphasalen initiators are illustrated 
in Fig. 4.7 (Compounds O and P).
81
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Fig. 4.7: The structure of yttrium phosphasalen initiators O and P.
81
 
 
Both compounds O and P were very rapid initiators, with high conversions being reached in less than 
one minute (1:1:1000 [P]:[iPrOH]:[LA], THF, 298 K). When THF was employed as a solvent, a 
significant degree of heteroselectivity was observed, with Ps values of 0.78 and 0.86, for compounds 
O and P, respectively.
81
 Such high levels of stereocontrol are rare amongst yttrium initiators, 
especially when combined with high activity. A higher degree of stereocontrol was observed with the 
mononuclear complex P, which incidentally this was also the fastest initiator. Substitution at the 2- 
position of the phenoxide ring was important in the formation of mononuclear complexes, and thus in 
achievement of high heteroselectivity. The yttrium phosphasalen initiators display increased activity 
and increased stereocontrol compared to their salen analogues (Compound F, 1:500 [F]:[LA]), THF, 
298 K, 40 mins, 90 %). This improved rate was tentatively attributed to the greater electron donating 
ability of the imino phosphorane group versus the conventional imine group. 
To recap, there were two important structural characteristics of compound P which led to high rates, 
combined with high levels of stereocontrol. 
1. The presence of a sterically encumbered tert-butyl group at the 2-position of the phenoxide 
ring, in order to maintain the mononuclear yttrium complex. 
2. The electron-donating imino phosphorane group which leads to a decrease in Lewis acidity at 
the yttrium metal centre. 
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4.2 Yttrium Phosphasalen Initiators 
The success of the first yttrium phosphasalen initiators, compounds O and P, Fig. 4.7, prompted our 
groups to expand the ligand series, a topic which has been investigated in this thesis. There were two 
primary target sites for further ligand modification (Fig. 4.8): 
 
Fig. 4.8: General structure of proposed yttrium phosphasalen initiators. 
 
1. The diimine backbone (X). There is a relatively large range of diamines available 
commercially, providing scope for the preparation of a series of compounds from which 
structure and reactivity relationships may be developed.  
2. The para (4) - phenyl position (R). It has already been observed that the increased electron 
donating ability of the P=N bond, compared with C=N, accelerates rate. Thus, the synthesis of 
electron donating substituents in the para-position of the phenoxide ring should further 
increase electron donation, and provide opportunity to tune the rate. 
 
4.2.1 Pro-ligand and Complex Syntheses 
Our groups
‡‡
 embarked on the synthesis of a series of novel pro-ligands, focussing on the target 
derivatives. The same synthetic strategy was employed as in the synthesis of compound P.
81
 The pro-
ligands were formed by reaction of 2,4-di-tert-butyl-6-phosphinophenol, via a Kirsanov reaction, with 
bromine and then the relevant diamine in the presence of a base at 195 K (Scheme 4.1). The pro-
ligands were isolated as white powders in good yields (57-78 %). All of the new compounds were 
fully characterized by multinuclear NMR spectroscopy and elemental analyses.  
                                                     
‡‡
 Including me here at Imperial College London and Thi-Phuong-Anh Cao in Paris. 
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Scheme 4.1: General synthetic route towards the phosphasalen ligand system. Reagents and 
conditions: i. n-butyl lithium (2 equiv.), diethyl ether, 195 K, 16 h; ii. Chlorodiphenylphosphine; iii. 
Br2 (1 equiv.), methylene chloride, 195 K, 2 h; iv. Tributyl amine or DABCO (0.5 equiv.), diamine 
(0.5 equiv.), 195 K, 16 h (57-78 %). 
 
Compounds 4.1-4.9 were then synthesised in a three step reaction (Scheme 4.2). At each stage, 
quantitative conversion was confirmed by 
31
P{
1
H} NMR spectroscopy (Fig. 4.9). The pro-ligands 
were deprotonated with 4 equiv. (4.1-4.7) or 5 equiv. (4.8-4.9) of potassium bis(trimethylsilyl)amide, 
leading to quantitative conversion of the salts, as observed by an upfield shift (δP ~ 20-25 ppm) in the 
31
P{
1
H} NMR. 
 
 
Scheme 4.2: General synthetic procedure for compounds 4.1-4.9 Reagents and conditions: i. KHDMS 
(4 eq. or 5 eq.), THF, 298 K, 4 h; ii. [YCl3(THF)3.5], THF, 298 K, 4 h; iii. KOR’, THF, 298 K, 7 h 
(74-88%). 
 
Yttrium phosphasalen chloride complexes were formed, but not isolated, by reaction with 
[YCl3(THF)3.5]. This led to a shift to lower field in the singlet (4.3-4.9) signal observed by 
31
P{
1
H} 
NMR spectroscopy (δP ~ 30 ppm). In the case of compounds 4.1 and 4.2 two phosphorus signals were 
observed. Addition of potassium alkoxide (ethoxide or tert-butoxide) to the yttrium halide complexes 
led to the formation of the yttrium phosphasalen alkoxide compounds 4.1-4.9, which, in general, 
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showed a slight upfield shift in the 
31
P{
1
H} NMR spectra (Fig. 4.9). All of the compounds were 
isolated as colourless crystals in high yields (74-88 %). 
 
Fig. 4.9: 
31
P{
1
H} NMR spectra for the formation of compound 4.8; KHMDS added (bottom), 
YCl3(THF)3.5 added (middle), KOtBu added (top). 
 
All complexes were synthesised and fully characterised by NMR spectroscopy experiments and 
elemental analyses. In a number of cases it was possible to obtain crystals suitable for single-crystal 
X-ray diffraction experiments.
82
 The full structures of compounds 4.1-4.9 are shown in Fig. 4.10. 
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Fig. 4.10: The structures of compounds 4.1-4.9. 
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It was observed by 
1
H NMR and in several cases, by X-ray crystallography, that THF was present in 
the coordination sphere of the yttrium in compounds 4.1-4.6. The X-ray crystal structures for 
compounds P, 4.1, 4.2, 4.4, 4.6 and 4.8 were solved by our collaborators in Paris, and a selection will 
be included only in their pictorial form (for full structural information see references).
81-82
 This is to 
provide support for arguments relating to THF coordination, which are important when discussing the 
polymerization kinetics. Fig. 4.11 shows the solid-state structures of compounds 4.4 and 4.6, whilst 
Fig. 4.12 shows the structure of compound 4.8. 
 
 
Fig. 4.11: a. Solid-state structure of complex 4.4. b. Solid-state structure of complex 4.6. 
 
Fig. 4.12: Solid-state structure of complex 4.8. 
 
The solid-state structures of compounds 4.4 and 4.6 show a hexacoordinate complex, with a molecule 
of THF occupying the sixth coordination site (Fig. 4.11). A bound molecule of THF was also 
observed in the solid-state structure of compounds 4.1 and 4.2, although these are not illustrated. This 
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coordinated THF was observed despite all crystals being grown from cyclohexane solutions. The 
presence of one equivalent of THF was also confirmed by the elemental analysis, after compounds 
were dried for extended periods under high vacuum. 
The presence of a coordinating THF molecule was not observed in the solid-state structure of 
compound P.
81
 We suggest this is also the case in the related compound, 4.7; a proposal that is 
supported by 
1
H NMR spectroscopic evidence and elemental analysis. 
Compound 4.8 was also found to have a hexacoordinate solid-state structure, with a penta-dentate 
ligand. No evidence of THF coordination was observed in the solid-state structure, again this is 
supported by 
1
H NMR spectroscopic evidence and elemental analysis. 
 
4.2.2 NMR Spectroscopy Experiments 
In order to ascertain whether THF remained coordinated to the yttrium in solution, a series of NMR 
spectroscopy experiments were conducted. Initially 
1
H NMR spectra were recorded in toluene-d8, 
however, these all showed that the THF resonances were at almost exactly the same chemical shifts as 
those of free THF. This indicates that either the THF is not coordinated or that there is a rapid 
exchange between free and coordinated THF occurring on the NMR time scale. Additional NMR 
experiments included low temperature studies (243 K) and NOE NMR, but these failed to provide 
conclusive evidence of THF coordination. 
It was, however, possible to remove the THF from the complexes by the addition of a slight excess of 
pyridine. When the solvents were removed under vacuum and the sample was dissolved in toluene-d8, 
the 
1
H NMR spectrum showed that pyridine was present, but again, the resonances were not shifted 
significantly in comparison to those of free pyridine. These findings provide tentative support for the 
claim that THF is coordinated to the yttrium centre in compounds 4.1-4.6. 
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It is worthy of note, that 
1
H NMR measurements of compounds 4.7 and P, in toluene-d8, showed no 
evidence of either bound or free THF. This is consistent with what is observed by elemental analyses 
and crystallographic experiments. 
 
4.2.3 Polymerization of rac-LA 
Compounds 4.1-4.9 were tested as initiators for rac-lactide ring-opening polymerization. The 
polymerizations were all conducted under a standard set of conditions, using a 1 M solution of lactide 
in THF at 298 K, with 2 mM of initiator. The choice of solvent was important as the initiators 
decompose in methylene chloride solutions, and toluene can only be applied at elevated temperatures 
at such concentrations of LA (>343 K). The polymerizations were monitored by taking regular 
aliquots which were then analyzed by NMR spectroscopy to determine the conversion and by GPC-
MALLS to determine the evolution of the number averaged molecular weight. The polymerization 
kinetics were monitored for each initiator, showing a first-order dependence on lactide concentration 
in every case; the pseudo first-order rate constants, kobs, were obtained as the gradient of the linear fits 
to plots of ln([LA]0/[LA]t) versus time (Fig. 4.14, Fig. 4.15, Fig. 4.16). The tacticity of the resulting 
PLA was assessed by integration of the methine region of the homonuclear decoupled proton NMR 
spectrum and by application of Bernoullian statistics to predict the tetrad probabilities, according to 
the method described by Coudane et al.
19
 Compounds 4.1-4.9 were all highly active and controlled 
initiators for the ROP of rac-LA (Table 4.1). 
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Table 4.1: Polymerization data using initiators 4.1-4.9 
Initiator
a 
I 
[LA]0:[I] 
Time 
(min) 
Conversion 
(%)
c
 
kobs x 10
-3 
 
(s
-1
)
d
 
Mn,exp  
(g mol
-1
)
e
 
Mn,calc 
 (g mol
-1
) 
PDI
e
 Ps
f
 
4.1 500:1 4 89 9.4 84,000 64,100 1.05 0.75 
4.2 500:1 4 95 12.3 120,500 68,400 1.07 0.75 
4.3 500:1 9 86 3.7 66,800 61,900 1.07 0.67 
4.4 500:1 20 91 2.0 76,500 65,500 1.02 0.70 
4.5 500:1 22 89 1.5 70,900 64,100 1.01 0.69 
4.6 500:1 6 90 6.7 196,200 64,800 1.05 0.84 
4.7 1000:1 0.33 86 - 
165,000 124,000 1.5 0.87 
4.8
b
 500:1 56 92 0.8 41,000 66,200 1.05 0.24 
4.9 500:1 48 85 0.7 
61,700 61,200 1.04 0.28 
P
b
 1000:1 0.75 97  79 223,000 140,000  1.34 0.86 
aPolymerization conditions: THF, 298 K, 1 M [LA]. bPolymerization conditions: THF, 298 K, 1 M [LA], 1 equiv. iPrOH. 
cDetermined by integration of the methine region of the 1H NMR spectrum (LA 4.98-5.04 ppm; PLA 5.08-5.22 ppm). 
dDetermined from the gradients of the plots of ln{[LA]0/[LA]t} versus time, where the average errors = 5-12 % (determined 
using initiators 4a and 5). eDetermined by GPC in THF, using multiangle laser light scattering (GPC-MALLS). fDetermined 
by analysis of all the tetrad signals in the methine region of the homonuclear decoupled 1H NMR spectrum.19 
 
4.2.4 Polymerization Kinetics of Initiators 4.1-4.9 
The initiators were extremely active for the ROP of rac-LA, with all compounds achieving high 
conversion of 500 equivalents of LA in less than one hour. Pseudo first-order rate constants, kobs, have 
been determined for compounds 4.1-4.6 and 4.8-4.9; this assumes the initiators are first-order in [LA]. 
It was not possible to obtain a kobs value for 4.7 due to the very high activity. A first-order dependence 
on LA and P was observed in previous kinetic investigations.
§§81
 We therefore infer the following rate 
law for all the new derivatives: 
       [  ][ ]  
The rate of polymerization is only dependent on the rate of propagation, kp, not on the rate of 
initiation, ki. This is due to the rate of initiation, insertion of LA into the alkoxide bond (O-R), being 
faster than the rate of propagation, insertion of LA into the growing polymer chain (O-P). The 
                                                     
§§
 Data from the group of Audrey Auffrant, Paris 
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evidence for this fast insertion is the high degree of polymerization control and narrow 
polydispersities observed in all compounds. The rate of propagation is therefore rate limiting step. 
The rate of propagation, kp, can also be broken up into separate stages; the rate of coordination and the 
rate of insertion (Fig. 4.13). 
 
Fig. 4.13: Diagram illustrating substrate coordination and substrate insertion. 
 
Each stage can be considered as a reversible process, although the rate of de-insertion must be slow, 
as the energy required for this process would be large. 
Our groups have already shown that the activity of yttrium phospahsalen initiators is greater than 
yttrium salen initiators.
47, 75, 81
 It is suggested this increase in activity is due to the greater electron 
donating ability of the imino phosphorane bond, compared to the imine bond of salen-type ligand 
systems. We can conceive that in this case the insertion of the lactide into the metal alkoxide bond is 
rate limiting. This can be explained as follows: 
1. The increased electron donation from the ligand should reduce the Lewis acidity of the metal 
centre. 
2. A reduction in Lewis acidity suggests a more labile yttrium alkoxide bond (Y-O), thus lactide 
insertion is facilitated. 
3. A decrease in Lewis acidity should not assist lactide coordination. 
This hypothesis is supported by a detailed kinetic investigation conducted by Tolman and Hillmyer 
using aluminium alkoxide complexes for the ROP of caprolactone (CL).
83
 Here it was shown that the 
rate of insertion is directly influenced by the electron donating/withdrawing ability of substituents on 
the ligand system. More electron donating substituents were found to increase the rate of insertion. It 
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is hypothesised that this occurs due to the reduced Lewis acidity of the aluminium centre rendering 
the Al-OR bond more labile. 
Trends observed with redox active initiators also support this hypothesis (See Figs. 3.2 and 3.3).
46-47, 
48, 49b
 When redox switches are activated in these initiators, i.e. complexes are converted from their 
reduced to oxidised forms, the polymerization reactions are seen to stop. This suggests that when 
complexes are oxidised, the Lewis acidity of the metal centre increases. This increased the strength of 
the yttrium alkoxide bond, preventing the polymerization from proceeding. 
 
4.2.4.1 Initiators 4.7 and P 
Initiator 4.7 is structurally analogous to compound P, both compounds have a pentacoordinate 
geometry at yttrium and have an ethylene diimine linker. The presence of coordinated THF is not 
observed in either complex. Compound 4.7 differs from P, by the presence methoxy substituent at the 
para position of the phenoxide ring. Both compounds 4.7 and P were extremely active. The 
polymerization proceeded to nearly full conversion in less than 20 seconds (1 M solution in LA, 
1:1000 4.7:LA). It was not possible to obtain a kobs value for this initiator, even at lower catalyst 
loadings, as the reaction proceeded too quickly to be monitored by the conventional aliquot technique. 
It is worth noting that compound 4.7 initiates at a qualitatively faster rate than P, 97 % conversion, 45 
s, kobs = 7.9 × 10
−2
 s
−1
.  
4.2.4.2 Initiators 4.1-4.6 
Compounds 4.1, 4.2, and 4.6, also have a C2 bridge, but the ethylene linker is now replaced by a 
cyclohexene (4.1 and 4.2) and phenylene (4.6) diimine linker. Compounds 4.3, 4.4, and 4.5, each 
contain a C3 propylene bridge. 
Compounds 4.1, 4.2, and 4.6, were approximately, 2−3 times faster than compounds 4.3, 4.4, and 4.5, 
which each have a C3 propylene bridge (Table 4.1, Fig. 4.14, Fig. 4.15). However, compounds 4.1, 4.2 
and 4.6 were around 20 times slower than compound P, with full conversion being achieved in 
approximately 4 minutes at 1:500 loading of [I]:[LA], versus 45 s at 1:1000 for compound P.  
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4.2.4.3 Initiators 4.8 and 4.9 
Compounds 4.8 and 4.9, which contain an extra coordinating nitrogen moiety in the ligand backbone, 
were relatively slower, with full conversion being achieved in up to one hour (Fig. 4.16). However, 
the activities of these yttrium phosphasalen complexes still surpass other yttrium complexes in terms 
of rate, particularly those coordinated by salen/salan ancillary ligands.
47a, 75-76
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Fig. 4.14: Plots of ln([LA]0/[LA]t) vs. time for initiators 4.1-4.3 and 4.6. Conditions: [LA]0 = 1 M, 
1:500 [I]:[LA], THF, 298 K. 
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Fig. 4.15: Plots of ln([LA]0/[LA]t) vs. time for initiators 4.4-4.5. Conditions: [LA]0 = 1 M, 1:500 
[I]:[LA], THF, 298 K. 
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Fig. 4.16: Plots of ln([LA]0/[LA]t) vs. time for initiators 4.8+iPrOH-4.9. Conditions: [LA]0 = 1 M, 
1:500 [I]:[LA], THF, 298 K. 
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4.2.4.4 Rate Discussion 
From these results a general trend is observed: the length, and nature, of the bridging group between 
the phosphinoimino moieties influences the rates. Substitution at the para position of the phenoxide 
ring also has an effect on the rate of polymerization. The rate decreases in the order 4.7 > P ≫ 4.2 > 
4.1 > 4.6 > 4.3 > 4.4, 4.5 > 4.8, 4.9.  
This increase in activity between compound 4.7 and P is attributed to the greater electron donating 
ability of the para-methoxy substituent on the phenoxide ring (in place of the para tert-butyl group). 
More electron density at the yttrium centre facilitates insertion of the lactide monomer unit, thus 
increasing the rate of polymerization. This is in line with the overall increase in rate observed with the 
phosphasalen ligand group versus the conventional salen ligand system. 
The largest difference in rate is observed between compound 4.7 and compounds 4.1-4.6, with 
compound 4.7 being exceptionally active. Whilst all of the complexes have mononuclear structures in 
both the solid-state and in solution, it has been shown by 
1
H NMR and X-ray diffraction experiments 
that compound 4.7 has a pentacoordinate geometry at yttrium, but compounds 4.1-4.6 have 
hexacoordinate geometries. This is due to the presence of a molecule of bound THF present in 
compounds 4.1-4.6. This difference in coordination geometry may account for the difference in rate 
between 4.1-4.6 and 4.7. A definitive proof of this pentacoordinate versus hexacordinate geometry in 
solution has not been possible, but in the case of compound 4.7 and P the shorter (ethylene) diimine 
bridge may lead to a ligand contraction around the yttrium centre, possibly limiting/preventing THF 
coordination. In contrast, the bound THF in 4.1-4.6 may reduce the active site, reducing the binding of 
lactide by competing with LA for coordination. 
Compounds 4.8 and 4.9 are also hexacoordinate complexes, however here the extra bonding site is 
occupied by the NH of the diimine bridge. This bonding is evident in the X-ray crystal structure; it is 
postulated that the NH stays bound in solution (vide infra). A reduction in rate is also observed in 
comparison to the pentacoordinate compound, 4.7. Compounds 4.8 and 4.9 are also less active than 
compounds 4.1-4.6, being at least half as active as the slowest initiator. 
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4.2.4.5 Addition of Alcohol  
When an equivalent of iso-propyl alcohol is added to the polymerization solution of compound 4.8, 
compounds 4.8 and 4.9 have approximately equal rates (Fig. 4.16); this is due to the poor initiating 
capability of the tert-butoxide group. Without the iso-propyl alcohol, compound 4.8 reaches high 
conversions in approximately 30 mins, although high molecular weights are observed, indicating that 
not all of the yttrium alkoxide bonds are initiating the polymerization. 
 
4.2.5 Polymerization Control of Initiators 4.1-4.9 
All polymerizations showed a linear evolution of Mn with percentage conversion and narrow 
polydispersity indices; both are indicative of good polymerization control. Comparison of the 
experimental molecular weights, Mn, with those predicted on the basis of initiator concentration 
showed that the C3-bridged compounds values were in much closer agreement (Table 4.1). In contrast, 
the C2-bridged compounds (4.1, 4.2, and 4.6) showed molecular weights that were higher than 
predicted. This is attributed to the qualitatively higher rates for the C2-bridged initiators combined 
with the reduced initiating capability of the tert-butoxide group. In the C2-bridged compounds the rate 
of propagation, kp, is fast and must be comparable with the rate of initiation, ki, leading to long 
polymer chains (as not all tert-butoxide groups initiate). In the C3-bridged compound kp is slower, 
whilst the rate of initiation, ki, is significantly faster and leads to much better agreement in molecular 
weight, even with the poor tert-butoxide initiating group (Fig. 4.17). Both compounds 4.7 and P, 
which are significantly faster, show further reduction in polymerization control.  
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Fig. 4.17: Evolution of Mn versus % conversion for the polymerization using initiator 4.4 (circles) and 
initiator 4.5 (squares); PDI versus % conversion of initiator 4.5 (diamonds). Conditions: [LA]0 = 1 M, 
1:500 [I]:[LA], THF, 298 K. 
 
When one equivalent of iso-propyl alcohol is added to the initiators that show poor correlation with 
the predicted molecular weight, e.g. compound 4.1, the Mn values are reduced and better match those 
predicted on the basis of initial monomer concentration (Fig. 4.18). This finding confirms that the 
poor initiating ability of the sterically congested tert-butyl alkoxide can be easily overcome by using a 
less congested ROH. The rate of propagation is, however, consistently faster than the rate of initiation, 
so that initiators 4.1-4.9 all lead to PLA with a narrow PDI. 
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Fig. 4.18: Evolution of Mn versus % conversion for the polymerization using initiator 4.1 (squares) 
and initiator 4.1 + IPA (circles); Calculated Mn (diamonds). Conditions: [LA]0 = 1 M, 1:500 [I]:[LA], 
THF, 298 K. 
 
4.2.6 Stereocontrol of Initiators 4.1-4.9 
Compounds 4.1-4.9 all show a degree of stereocontrol; however the extent and mode of the stereo-
selectivity was found to depend on the diimine backbone. The initial yttrium phosphasalen initiator 
reported, compound P, was found to combine high rates with high heteroselectivity, Ps = 0.90.
81
 
Initiator 4.7 is essentially iso-structural with compound P, the only difference being R=OMe. As has 
previously been discussed, compound 4.7 was more active for the ROP of rac-LA than P. Despite this 
increase in rate, compound 4.7 displayed the same high levels of heteroselectivity, with a Ps value of 
0.87 (Fig. 4.19). This high level of heterocontrol is unusual, especially when combined with such high 
rates.
62c, d, 74b, 77a, 77f, g
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Fig. 4.19: De-convoluted homonuclear decoupled 
1
H{
1
H} NMR of the methine region of PLA 
(CDCl3) polymerized using initiator 4.7, Ps = 0.87.
19
 
 
Compounds 4.1-4.6 also showed a heteroselective bias (Table 4.1). However, the degree of 
stereocontrol is reduced according to the nature of the diimine linker group i.e. 4.7 > 4.6 > 4.1 = 4.2 > 
4.4 = 4.5 > 4.3. Compounds with a C2-bridge, 4.1, 4.2 and 4.6, were slightly less selective, Ps = 0.75-
0.84, when compared with compound 4.7 (ethylene bridge). The other C3-bridged compounds, 4.3-
4.5, showed further reduced selectivity, Ps = 0.67-0.7. The tacticity is controlled by a chain-end 
control (CEC) mechanism, whereby the stereochemistry of the last inserted monomer unit controls the 
nature (RR- or SS-LA) of the subsequent lactide unit. There is a clear correlation between the decrease 
in rate and the decrease in stereocontrol, an unusual observation as it is more common for the reverse 
to be observed.
4, 24d, 73, 77c
 Furthermore, such high levels of stereocontrol are unusual for this type of 
yttrium salen/salan initiator, which more often show little or no heteroselectivity.
47a, 74b, 76
 One 
rationale for the heteroselectivity might relate to the differing degrees of steric crowding of the active 
sites.  
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Fig. 4.20: Schematic representation of a sterically hindered (left) and an open (right) active site. 
 
The more open active sites, such as those where THF is coordinated in the solid state, show lower 
degrees of control versus more congested active sites, where THF remains unbound. This is 
represented schematically in Fig. 4.20. 
In contrast to the heteroselectivity of compounds 4.1-4.7 and P, compounds 4.8 and 4.9 are iso-
selective, with Pi values of 0.72 and 0.76, respectively. This iso-selectivity is rare for yttrium initiating 
systems. Indeed there has been only one previous example of such a compound, reported by Arnold 
and co-workers in 2008 (Compound L, Fig. 4.5).
78
 Such high levels of stereocontrol are more 
commonly observed with the slower Group 13 ligand-metal systems, which also require higher 
temperatures.
23-24, 24d,e
 The formation of iso-selective PLA from a racemic feedstock is an import 
academic and industrial target; therefore this result was further investigated. 
 
4.2.7 Further Experiments using 4.8 and 4.9 
In order to further probe this change in polymerization control, and attempt to increase the iso-
selectivity, various polymerization conditions were investigated. It has previously been reported that 
higher levels of stereocontrol can be achieved at lower temperatures.
78
 As stereocontrol is a kinetic 
phenomenon, it is to be expected that a reduction in temperature will lead to an increase in selectivity. 
A series of polymerizations were therefore conducted at 273 and 255 K, with a variety of different 
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concentrations and loadings being employed to ensure the reactions were homogenous (Table 4.2). A 
test polymerization at 298 K and 0.5 M in [LA] confirmed that a change in concentration did not have 
any notable effect on the degree of iso-selectivity, Pi (Entry 2, Table 4.2). 
 
 
Fig. 4.21: Structures of compounds 4.8 and 4.9. 
 
Table 4.2: Polymerization data using initiators 4.8-4.9 at various temperatures 
Entry Initiator 
(I) 
I:LA [LA] T (K) Time 
(min) 
Convsn.
b
 
(%) 
Mn,exp
c
 
(g mol
-1
) 
Mn,calc 
(g mol
-1
) 
PDI
c
 Pi
d
 
1 4.8
a
 1:500 1 M 298 56 92 41,000 66,200 1.05 0.76 
2 4.8
a
 1:100 0.5 M 298 17 92 12,800 13,200 1.03 0.77 
3 4.8
a
 1.100 0.5 M 255 180 77 16,000 11,100 1.01 0.84 
4 4.8
a
 1:200 0.5 M 255 330 88 29,100 25,300 1.03 0.86 
5 4.8
a
 1.500 0.75 M 255 330 84 46,800 60,000 1.03 0.86 
6 4.9 1:500 1 M 298 48 85 61,700 61,200 1.04 0.72 
7 4.9 1:100 0.5 M 273 60 71 15,500 10,200 1.01 0.73 
8 4.9 1:100 0.5 M 255 180 73 13,500 10,500 1.01 0.81 
 aConditions: 1 equiv. of iPrOH was added. bDetermined by integration of the methine region of the 1H NMR spectrum (LA: 
4.98-5.04 ppm; PLA: 5.08-5.22 ppm). cDetermined by SEC in THF, using multiangle laser light scattering (SEC-MALLS). 
dDetermined by analysis of all the tetrad signals in the methine region of the homonuclear decoupled 1H NMR spectrum.19 
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A reduction in temperature from 298 K to 255 K resulted in a significant increase in iso-selectivity, Pi 
values of 0.77 and 0.84, respectively. A maximum Pi of 0.86 was achieved by more rigorous 
temperature control (Fig. 4.22).  
 
Fig. 4.22: De-convoluted homonuclear decoupled 
1
H{
1
H} NMR of the methyne region of PLA 
(CDCl3) polymerized using initiator 4.8 at 255 K, Pi = 0.86.
19
 
 
Table 4.3: Integrals and Pi values from 
1
H{
1
H} NMR using initiator 4.8. 
Peak Integration Pi 
sis 0.02 0.8 
sii 0.07 0.83 
iis 0.04 0.91 
iii 0.81 0.87 
isi 0.06 0.88 
 Average 0.86 
 
Analysis of the defect tetrads confirmed the mode of stereocontrol to be a chain-end control 
mechanism, CEC (Fig. 4.22, Table 4.3). A CEC mechanism necessitates that the last inserted 
monomer unit controls the stereo-selectivity of the next incoming monomer; CEC is the expected 
mode of stereocontrol for an achiral initiator. Analysis of Pi at various different percentage 
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conversions showed no change. This result is also consistent with a CEC mechanism, as there is no 
initiator preference for either monomer. 
It was found that the initiators were sensitive to low catalyst loading, at low concentrations of lactide. 
In order to achieve higher molecular weight polymers a variety of different loading/concentration 
combinations were investigated (Entries 4 and 5, Table 4.2). Highly isotactic PLA was synthesised at 
high molecular weight, 46,800 g mol
-1
, with a narrow polydispersity. 
 
4.2.8 Solvent Dependence  
It has previously been observed that the choice of solvent is important when investigating this series 
of yttrium phosphasalen initiators. Chlorinated solvents, such as methylene dichloride, are damaging 
to the initiator/initiator-lactide system, leading to limited conversions (typically no higher than 70 %). 
It has previously been shown that the use of coordinating solvents, such as THF, play a key role in 
mediating some heteroselective polymerizations.
62a-c, 62e, 74e, 77c
  
When polymerizations using compound 4.4 were conducted in toluene (348 K) a reduction in Ps was 
observed (0.60 versus 0.69 in THF). However, the observed rate constants could not be compared 
under such conditions. Therefore slurry polymerizations were conducted, whereby the solution was 
heterogeneous at the start of the polymerization, but became homogeneous as the polymerization 
progressed. This arises due to the enhanced solubility of PLA in toluene (298 K) in comparison to 
rac-lactide (298 K). Under slurry conditions, a marked reduction in heteroselectivity was observed for 
compounds 4.1 and 4.6 (Ps = 0.69 (toluene) versus 0.75 (THF) and Ps = 0.67 (toluene) versus 0.84 
(THF), respectively). In order to investigate further, attempts to add varying equivalents of pyridine, a 
more coordinating and bulkier solvent, to the heteroselective initiating systems were made. However, 
this led to no further increase in heterocontrol. This finding suggests that high heteroselectivity 
depends both on the ligand substituents and on the use of THF as the solvent. There are numerous 
possible explanations for this solvent dependence. For instance: THF coordination favours 
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coordination/insertion of a particular enantiomer of rac-lactide. Other physical and chemical 
phenomena could also be implicated, such as differences in solvent polarity. 
Interestingly, when slurry polymerizations were conducted in toluene under identical conditions with 
the iso-selective initiator, compound 4.8, no reduction in stereo-selectivity was observed. This implies 
that in this case the mode of stereocontrol is inherent to the catalyst, and not related to the solvent 
environment. When small amounts of pyridine (5 equiv. versus [I]) were added to the polymerization, 
the reaction was seen to cease at around 30 % conversion. Pyridine is proposed to bind irreversibly to 
compound 4.8, preventing the ROP. The addition of a less coordinating, but bulkier solvent, 2-
methyltetrahydrofuran, led to a gradual increase in iso-selectivity, 1000 equiv. of 2-MeTHF at 298 K 
led to a Pi of 0.80 (Fig. 4.23).  
 
Fig. 4.23: De-convoluted homonuclear decoupled 
1
H{
1
H} NMR of the methyne region of PLA 
(CDCl3) polymerized using initiator 4.8. Polymerization in THF with 1000 eq. of methyl-
tetrahydrofuran added, Pi = 0.80. 
 
No notable effect on the activity was observed. From this result we may ascertain that whilst the 
solvent choice is not imperative to the high levels of iso-selectivity, it may be used to enhance the 
stereocontrol. The use of solvent additives has the potential to be an easy route to increasing 
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stereocontrol, without altering the structural nature of the initiator. This will be subject to further 
investigation, but is beyond the scope of this thesis. 
 
4.2.9 Polymer Properties 
The physical properties of the highly isotactic, high molecular weight polymers (Entries 4 and 5, 
Table 4.2) were determined by both thermal gravimetric analysis (TGA) and differential scanning 
calorimetry (DSC). Before thermal analyses were conducted, the polymers were purified, first by 
precipitation in THF/hexane solution and then by filtration through silica, to remove any catalyst 
residue. The polymers were then dried under high-vacuum at 313 K for an extended period. 
TGA analysis shows the degradation temperature of the polymers. Entry 4 (PLA 1) has a degradation 
temperature of 299 °C and entry 5 (PLA 2) has a degradation temperature of 310 °C. The difference 
in degradation temperature between the two polymers can be attributed to the difference in molecular 
weight, PLA 1 has a lower Mn (29,100 g mol
-1
) than PLA 2 (46,800 g mol
-1
). 
Analysis by DSC showed a defined glass transition temperature (Tg) and melt temperature (Tm) for 
both PLA 1 and 2, the results are tabulated in Table 4.4 (Fig. 4.24). 
 
Table 4.4: Table of Tg and Tm data for PLA 1 and 2 (Entries 4 and 5, Table 4.2)  
 PLA 1 
Mn = 29,100 g mol
-1
 Pi = 0.86 
PLA 2 
Mn = 46,800 g mol
-1
 Pi = 0.86 
Tg 50 °C 47 °C 
Tm 168 °C 168 °C 
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Fig. 4.24: DSC traces of isotactic polymers. Second heat cycle shown, cooling curves omitted for 
clarity.  i. PLA 1 ii. PLA 2 
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The Tm for both PLA 1 and 2 is between 168 and 169 °C. This defined melting temperature implies 
that the polymers have enough isotactic character to influence the physical polymer properties and are 
semi-crystalline. At this level of stereocontrol (Pi = 0.86), the increased melting temperature (up to 
220 °C) from the co-crystallisation of the isotactic chains, is not observed.  
 
4.2.10 DOSY NMR Experiments of 4.8 and 4.9 
X-ray crystallographic analysis of compound 4.8 revealed a monomeric structure in the solid state 
(Fig. 4.12). It was not possible to isolate crystals of compound 4.9, but an X-ray diffraction 
experiment of a degradation product revealed a dimeric structure where the two Y cores were bridged 
by both an alkoxide and a hydroxyl co-ligand, the latter presumably arising from exposure to 
adventitious water. Again, this X-ray structure was solved by our collaborators in Paris, and only a 
pictorial representation is included (Fig. 4.25). 
             
Fig. 4.25: Solid-state structure of the partially decomposed compound 4.9. 
 
In order to determine whether the monomeric structure of 4.8 was maintained in solution, a Diffusion-
ordered spectroscopy (DOSY) NMR experiment was conducted. From the DOSY NMR experiment, 
conducted in THF-d8, a diffusion coefficient (D) of 1 x 10
-9
 was obtained. Using the Stokes-Einstein 
equation (below) enables the hydrodynamic radius, rs, to be determined. 
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Where rs is the hydrodynamic radius, k is the Boltzmann constant, T is the temperature and η is the 
viscosity of the liquid. 
 
Compound 4.8 showed a hydrodynamic radius of 4.5 Å in THF. This value is in reasonable agreement 
with the value estimated from the X-ray crystal structure of compound 4.8 (6.0 Å), which was 
estimated using a spherical model from the volume of a unit cell. The value can also be compared 
with the X-ray crystal structure of the dimer, where the estimated value of the radius was 8.9 Å. This 
is approximately twice the value of rs, obtained from the DOSY NMR experiment. Both of these 
results support compound 4.8 maintaining a mononuclear structure in THF solution, as well as the 
solid state. 
 
4.2.11 Further NMR Spectroscopy Experiments 
Diffusion-ordered spectroscopy (DOSY) NMR experiments confirmed the mononuclear nature of 
compound 4.8, but further NMR spectroscopy investigations were required to attempt to establish the 
nature of the stereoselectivity. Several experiments were conducted, comparing compound 4.8 with 
heteroselective initiators, in an attempt to distinguish key differences in solution behaviour which may 
lead to the two different control mechanisms. Variable temperature 
31
P{
1
H} and 
1
H NMR experiments 
indicated some degree of fluxionality in the yttrium phosphasalen compounds, but failed to show any 
significant difference between the two compound types. Rotating frame nuclear Overhauser effect 
spectroscopy (ROESY) was therefore employed in order to monitor proton exchange events in the 
complexes. The ROESY spectra of the heteroselective species showed an exchange process occurring 
between the protons of the phenyl groups attached to the phosphine atoms. This implies some degree 
of free rotation of the phenyl rings. When the experiment was conducted at low temperatures this 
exchange was not observed. This exchange was also absent in the ROESY spectrum of compound 4.8, 
indicating a more constrained structure restricting the rotation. 
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It is evident from our investigations that the increased rigidity imposed on compounds 4.8 and 4.9, by 
the additional bonding nitrogen in the diimine backbone, is paramount in leading to a ‘switch’ from a 
highly heteroselective to a highly iso-selective initiator. The steric hindrance created from a 
combination of the ligand and last inserted monomer surrounding the metal active site must be vital in 
determining the preference for either RR- or SS-lactide (Fig. 4.26). 
 
Fig. 4.26: Schematic of the mode of CEC for isotactic enchainment determined by the ligand and the 
growing polymer chain. 
 
It is postulated that increasing the steric hindrance around the metal centre will lead to a higher degree 
of iso-selectivity. This could be achieved by either a change of metal centre or by further ligand 
modification. 
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4.3 Summary and Outlook 
4.3.1 Summary 
A series of yttrium phosphasalen initiators have been synthesised with the following modifications: 
alteration of the diimine linker, variation of the substituent at the para-position of the phenoxide ring 
and different alkoide initiating groups, OR.  All of the complexes were fully characterised by NMR 
spectroscopy, elemental analysis and in several cases single crystal X-ray diffraction.  
The complexes were all active initiators in the ROP of LA, with the following trend in reactivity 
being observed: 4.7 > 4.6 > 4.1 = 4.2 > 4.4 = 4.5 > 4.3 > 4.8 = 4.9. A decrease in rate was observed 
between the ethylene linker (4.7) the other C2-linkers; a further decrease in rate was observed with the 
propylene linkers. The hexa-coordinate compounds, 4.8 and 4.9, saw a further reduction in rate.  
Compounds 4.1-4.7 all ring-opened rac-LA to produce PLA with a heterotactic bias, Ps maximum = 
0.87. A reduction in heteroselectivity was observed as the rate of polymerization decreased; however 
the less active compounds still displayed a significant degree of stereocontrol. The choice of solvent 
was found to be important for polymerizations using compounds 4.1-4.7, with the degree of 
heteroselectivity being reduced when a less polar solvent was used, in place of THF. 
Conversely, compounds 4.8 and 4.9 produced highly isotactic PLA. At 298 K, a moderate isotacticity 
was achieved, with Pi values of 0.72-0.77. When the polymerizations were conducted at low 
temperature (255 K), an increase in stereocontrol was observed, and PLA was obtained with a Pi value 
of up to 0.86. Analysis of the defect tetrads in the homonuclear decoupled 
1
H{
1
H} NMR showed the 
mode of stereocontrol to be operated by a CEC mechanism. Thermal analysis of the resultant polymer 
revealed a semi-crystalline morphology, with a melting temperature of ~ 169 °C. 
Detailed analysis of the iso-selective initiators, 4.8 and 4.9, confirmed a monomeric structure in THF 
solution. Using NMR spectroscopy, it was possible to compare the solution behaviour of compound 
4.8 with the heteroselective initiators. This comparison indicated a more rigid solution conformation, 
likely due to the presence of the additional coordinating nitrogen moiety present in compounds 4.8 
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and 4.9. It is postulated that this rigidity is the origin of the stereocontrol observed in these 
compounds, with the iso-selectivity being induced by the steric environment around the yttrium metal 
centre.  
This is one of the only known examples of an iso-selective yttrium initiating system, with most 
yttrium based initiators yielding atactic or heterotactic PLA. Through performing structural 
investigations on compounds 4.8 and 4.9, it has been possible to elaborate on the factors which 
determine how isotactic stereocontrol is achieved. 
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4.3.2 Outlook 
Iso-selective yttrium based initiating systems for the ROP of rac-LA are rare, thus compounds 4.8 and 
4.9 offer a unique insight into the reasons for such stereocontrol. From our investigations into 
compound 4.8 and 4.9 it can be suggested that the steric environment, enforced by the additional 
bonding nitrogen moiety, is the basis of the iso-selectivity. Increasing the steric hindrance around the 
metal centre should, therefore, increase stereocontrol of the initiator.  
It is envisaged that this could be realized by two possible routes: 
1. Changing the metal centre. The use of a 3+ metal centre with a smaller atomic radius will 
result in a reduced coordination sphere, increasing the steric effect of the ligand. 
2. Ligand modification. By altering the ligand motif, it may be possible to have a greater steric 
effect on the yttrium metal centre. This could be achieved by modification of the diimine 
linker, changing the substituents on the phosphorus groups or substitution of the 2-position of 
the phenoxide ring. 
Investigations into the use of alternative metal centres using the heteroselective ligand systems would 
also be of interest. For instance, the use of scandium, with a smaller atomic radius, may change the 
degree of heteroselectivity. 
The interesting behaviour displayed by the yttrium phosphasalen initiators in different solvents could 
be also be probed further. Of particular interest is the increase in iso-selectivity observed when 
methyltetrahydrofuran was added to a polymerization using compound 4.8. This result may be 
investigated further using other, bulky, coordinating solvents and has the potential to increase the 
level of stereocontrol, without altering the initiator. 
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Chapter 5 
Conclusions and Future Work 
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5.1 Conclusions 
This thesis describes the synthesis of two different families of compounds as active initiators for LA 
ROP. The first is a series of 8-quinolinolato complexes, synthesised by the reaction of the 8-
hydroxyquinoline pro-ligand with a variety of metal precursors, to form bis(8-
quinolinolato)aluminium/gallium and zinc complexes. The second series of compounds are yttrium 
phosphasalen complexes, which contain a range of different diimine linker units and para-substituents 
on the phenoxide ring. All complexes were fully characterised using a range of spectroscopic and 
analytical techniques: 
1
H NMR, 
13
C{
1
H} NMR, 
31
P{
1
H} NMR spectroscopies, elemental analyses, 
and in some cases, mass spectrometry and X-ray crystallography. All of the complexes were 
investigated as initiators for the ring-opening polymerization of rac-lactide. 
The series of bis(8-quinolinolato)aluminium ethyl complexes were shown to be active, albeit slow, 
initiators for the ROP of rac-LA in the presence of exogenous alcohols. The polymerizations required 
high temperatures (348 K) and proceeded to high conversions on a 24 hour timescale. Varying the 
substituent at the R3 position, of the 8-hydroxyquinoline pro-ligand, influenced the rate of 
polymerization, with the activity decreasing in the order: tBu > Ph > Me. All of the complexes 
showed excellent polymerization control, with tight control of the molecular weight and narrow 
polydispersities obtained throughout. Most interestingly, all the initiators polymerized rac-lactide 
with an isotactic bias, with a maximum Pi of 0.76. This stereocontrol was found to be influenced by 
the nature of the substituent at the R1 position, i.e. when R1 = H, a lower iso-selectivity was obtained. 
The highest iso-selectivity was obtained when R1 = halide, especially larger atoms e.g. iodide or 
bromide. This led to the proposal that increased steric bulk at the R1 position influences the degree of 
stereocontrol. However, attempts to make more sterically encumbered complexes did not lead to iso-
selectivities greater than 0.76. 
The 8-hydroxyquinoline pro-ligands were also complexed with a variety of other metal centres, such 
as gallium and zinc. Two types of gallium complex were synthesised, the (8-quinolinolato)gallium 
methyl complexes (2.24-2.25) and the bis(8-quinolinolato)gallium tert-butoxide complex (2.23), 
which is analogous to the series of bis(8-quinolinolato)aluminium ethyl complexes. Compound 2.23 
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was found to polymerize rac-LA around three times faster than the aluminium analogue, whilst 
maintaining excellent polymerization control. Interestingly, this increased rate did not have a notable 
effect on the degree of iso-selectivity. Compounds 2.24-2.25 were also good initiators, but whilst the 
polymerizations were controlled no stereocontrol was observed. 
The (8-quinolinolato)zinc ethyl complexes were found to be rapid and controlled initiators for the 
ROP of LA at 298 K, in the presence of exogenous alcohol. The complexes polymerized rac-lactide 
with a slightly heteroselective bias, Ps maximum 0.66, which was found to be solvent dependent. 
The series of yttrium phosphasalen compounds were shown to be rapid initiators for the ROP of rac-
lactide, with all reactions proceeding to high conversions in less than one hour, at 298 K. All initiators 
showed excellent polymerization control, with a linear increase in molecular weight with percentage 
conversion and extremely narrow PDIs throughout. As the diimine linker was changed, the reactivity 
of the initiators was seen to alter, with the following decrease in activity being observed: ethylene > 
cyclohexene > phenylene > propylene. A further reduction in rate was observed with compounds 4.8 
and 4.9, which contained an additional bonding nitrogen moiety. The overall trend in reactivity, in 
decreasing order of activity, is 4.7 > 4.6 > 4.1 = 4.2 > 4.4 = 4.5 > 4.3 > 4.8 = 4.9. It has not been 
possible to fully define the reason for this decrease in activity with the change of linker unit, but it is 
suggested that more hindered diimine linkers lead to less ligand contraction around the metal centre, 
thus affecting the binding of lactide. The rate was found to increase dramatically with the inclusion of 
an electron donating methoxy substituent at the para-position of the phenoxide ring, compound 4.7. It 
is suggested that this increase in activity is due to increased electron density at the yttrium metal 
centre, making the yttrium-alkoxide bond more labile. 
The ethylene, cyclohexene, phenylene and propylene linked phosphasalen complexes all produce PLA 
with a heterotactic bias, with a maximum Ps of 0.87. As the rate of polymerization was seen to 
decrease, the heteroselectivity also decreased, however, even the least active compound displayed a 
modest heteroselectivity, Ps = 0.67. The degree of heteroselectivity was influenced by the solvent, 
with higher heteroselectivity being observed in more polar solvents, such as THF. 
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The hexa-coordinated compounds 4.8 and 4.9 polymerized rac-lactide in an isotactic fashion, with Pi 
values between 0.72 and 0.77. At low temperature (255 K) an increase in iso-selectivity was observed, 
Pi up to 0.86. The nature of this iso-selectivity was investigated and using NMR spectroscopy it was 
possible to show that the hexa-coordinated complexes appeared to exhibit more rigid solution 
conformation, compared with the heteroselective compounds. This lead to the hypothesis that the 
rigidity imposed by the extra coordinating nitrogen moiety is crucial and that the steric environment 
around the yttrium metal centre leads to the observed iso-selectivity.  
5.2 Future Work 
5.2.1 8-Quinolinolato Complexes 
The series of bis(8-quinolinolato)aluminium ethyl complexes have demonstrated some promising 
attributes as initiators for the ROP of LA. There are few examples of ligands, outside of the salen 
systems, that have been shown to polymerize rac-LA with such an isotactic bias. The bidentate 8-
quinolinolato ligand has numerous sites for substitution, making it an ideal ligand system from which 
to synthesise a wide library of compounds. We have had some success in synthesising further 
derivatives of the pro-ligand. However, there is scope for further ligand synthesis. Substitution at the 
R1 and R3 position is preferential, as these positions exert the most influence on the polymerization 
(stereocontrol and rate, respectively). 
 
Fig. 5.1: The general 8-hydroxyquinoline structure, numbering scheme included. 
 
Further substitution at the R1 position has required more convoluted synthetic pathways, but 
preliminary results indicate that either Suzuki or Sonogashira cross-coupling reactions are effective. 
Further substitutions with more sterically bulky substituents, such as mesityl or naphthalene groups, at 
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R1 should be targeted. Initial attempts to perform such cross-coupling reactions were hampered as 
there were difficulties obtaining a pure product in a reasonable yield. However, modification of 
synthetic techniques would be likely to improve on this result. Synthesising a larger series of 
complexes with substitution at R1 would add further support to the hypothesis that increasing steric 
bulk increases the degree of stereocontrol. 
Transferal of the 8-hydroxyquinoline pro-ligand onto other metal centres has presented some positive 
results. The most successful outcomes, in terms of the synthesis of stereoselective initiators, have 
been with bis ligated compounds, i.e. coordination with metals with a charge greater than 2
+
. Further 
metals that may be considered are Group 4 titanium and zirconium, both of which have previously 
shown good activity towards ROP reactions.
15b
  
5.2.2 Yttrium Phosphasalen Complexes 
The series of yttrium phosphasalen complexes show the most significant promise as initiators in the 
ROP of rac-LA. Not only are they extremely active, they also exert high levels of stereocontrol in the 
polymerization. 
The most interesting and unusual complexes were compounds 4.8 and 4.9, which ring-opened 
polymerized rac-lactide with an isotactic bias. This is an extremely interesting result, as thus far there 
has only been one other example of an iso-selective yttrium initiator.
78
 Through NMR experiments it 
has been possible to elucidate that the mode of stereocontrol is chain-end control and likely to be 
related to the rigidity of the complex and thus, the steric environment around the metal centre. From 
this result, it is proposed that by increasing the steric hindrance around the metal centre it may be 
possible to further increase the degree of iso-selectivity. A simple way of achieving an increase in 
steric hindrance is by the transferal of the ligand onto a smaller metal centre, such as scandium 
(atomic radium of 162 pm versus 180 pm for yttrium). It would also be possible to coordinate hetero 
directing ligands to the same end. Fig. 5.2 shows the structures of the proposed scandium complexes. 
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Fig. 5.2: Target scandium phosphasalen complexes 
 
Further modification of the ligand system may also affect the degree of stereocontrol, for instance the 
use of different diamines to synthesise related novel pro-ligands. However, there are limitations in 
commercial availability of related compounds and in the synthetic procedures required to achieve the 
desired diamine compounds. Instead the phosphine groups might be a suitable target site for further 
investigation. Altering the size of the phosphine substituents should also affect the degree of 
stereocontrol. Possible phosphine substituents are; methyl, ethyl, tert-butyl and other bulky groups 
such as adamantyl (Fig. 5.3). 
 
Fig. 5.3: Suggested modifications to the phosphine substituents. 
 
It is hoped that through further investigations into the yttrium phosphasalen system it may be possible 
to further elucidate the mechanism by which iso-selective stereocontrol occurs. Such investigations 
are not only of interest for Group 3 systems, but also have implications for other metal initiators and 
different cyclic monomers. 
151 
 
Chapter 6 
 
 
Chapter 6 
Experimental Section 
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6.1 Materials and Methods 
All reactions were conducted under an inert nitrogen atmosphere, using a nitrogen-filled glovebox or 
standard Schlenk techniques. All solvents and reagents were obtained from commercial sources. 
Triethyl aluminium and diethyl zinc were obtained from Strem. Gallium(III)chloride was obtained 
from Sigma-Aldrich. Trimethylgallium was donated by Prof. Clare Carmalt, University College 
London. The [YCl3(THF)3.5] precursor was prepared according to literature procedure.
84
  
Pd(PPh3)2Cl2
85
, ferrocineium BArF
86
 and ethynyl ferrocene were prepared by literature methods. 
Potassium tert-butoxide was obtained from Sigma-Aldrich and sublimed before use. Toluene, 
pentane, hexane and THF were distilled from sodium, degassed and stored under nitrogen. Methylene 
dichloride, pyridine and 2-methyltetrahydrofuran were distilled from CaH2, degassed and stored under 
nitrogen. Isopropyl alcohol was heated to reflux over CaH2, distilled onto fresh CaH2 and further 
heated at reflux, then distilled, degassed and stored under nitrogen. Cyclohexane was dried over 3Å 
molecular sieves, degassed and stored under nitrogen. Benzene-d6 was distilled from sodium; THF-d8, 
toluene-d8 and CDCl3 were dried over CaH2, followed by 3Å molecular sieves. All solvents were then 
degassed and stored under nitrogen. Rac-Lactide was obtained from Purac Plc. and was recrystallised 
from dry toluene and sublimed at 323 K, three times under vacuum.  
Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Av400 spectrometer operating 
at 400 MHz for 
1
H, 100 MHz for 
13
C{
1
H} and 121.5 MHz for 
31
P{
1
H} spectra. Solvent peaks were 
used as internal references for 
1
H and 
13
C chemical shifts (ppm). Additional NMR experiments were 
performed by Mr. P. Haycock: when needed, higher resolution 
31
P{
1
H} NMR, 
13
C{
1
H} NMR and 
1
H 
NMR experiments were performed on a Bruker Av500 spectrometer. 
1
H{
1
H} NMR (homo-decoupled 
spectroscopy) experiments were performed on a Bruker Av500 spectrometer and also a DRX 400 
spectrometer. Spectra were processed and analyzed using Mestrenova software. Mass spectrometry 
was performed by Mr. J. Barton at the Department of Chemistry, Imperial College London. MALDI-
ToF mass spectra were performed on a Waters/Micromass MALDI micro MX, using potassium or 
sodium salts for ionization. LSIMS were performed on a Micromass Autospec Premier. Elemental 
analyses were determined by Mr. Stephen Boyer at London Metropolitan University, Science Centre, 
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29 Hornsey Road, London N7 7DD.  GPC-MALLS measurements were conducted on a Polymer 
Laboratories PL GPC-50 instrument at 40 °C, using two Polymer Laboratories Mixed D columns in 
series and THF as the eluent, at a flow rate of 1 mL min
−1
. The light scattering detector was a Dawn 8, 
Wyatt Technology, and data were analyzed using Astra V version 5.3.4.18.  
6.2 Chapter 2 Experimental Section 
Pro-ligand synthesis: 
The compounds 8-hydroxy-2-methylquinoline (2.1) and 5,7-dichloro-8-hydroxy-2-methylquinoline 
(2.3) are commercially available and were obtained from Sigma-Aldrich. 
6.2.1 8-Hydroxy-2,5-dimethylquinoline (2.2)
36b
 
Hydrochloric acid (6 M, 45 mL), and 2-amino-4-methylphenol (2.00 g, 16.2 mmol) were heated to 
reflux for 40 mins. Toluene (15 mL) was added, followed by the dropwise addition of crotonaldehyde 
(2.50 mL, 30.2 mmol). The reaction was heated at reflux for 2 h, and then allowed to cool to 298 K. 
The water and toluene layers were separated, and the aqueous solution was neutralized using NaOH 
(6 M) until the pH reached approximately 6. The solution was washed with ethyl acetate (3 x 40 mL). 
The organic washes were combined, dried (MgSO4) and the solvent removed in vacuo. The crude 
product was purified by an automated Combi Flash Rf liquid chromatograph (1:1 petroleum 
ether/ethyl acetate, Rf 0.51) to yield a crystalline solid (0.88 g, 5.10 mmol, 32 %). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 8.15 (d, 1H, CH, 
3
JHH=8.7 Hz), 7.32 (d, 1H, CH, 
3
JHH=8.7 Hz), 
7.17 (d, 1H, CH, 
3
JHH=7.8 Hz), 7.02 (d, 1H, CH, 
3
JHH=7.8 Hz), 2.72 (s, 3H, CH3), 2.55 (s, 3H, CH3); 
13
C{
1
H} NMR (100 MHz, CDCl3) δ (ppm): 156.4 (C
IV
), 150.0 (C
IV
), 138.0 (C
IV
), 133.2 (CH), 126.6 
(CH), 125.8 (C
IV
), 124.2 (C
IV
), 122.3 (CH), 109.2 (CH), 24.9 (CH3), 17.9 (CH3); Anal. Calc. 
(C11H11ON): C, 76.28; H, 6.40; N, 8.09 Found: C, 76.34; H, 6.50; N, 7.80. 
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6.2.2 5,7-Dibromo-8-hydroxy-2-methylquinoline (2.4)
87
 
Bromine (10 mL, 0.19 mmol) in methanol (100 mL) was added dropwise, with stirring, to a solution 
of hydroxy-2-methylquinoline (10.0 g, 65.8 mmol) and NaHCO3 (10 g) in methanol (100 mL) at 273 
K. After addition was complete, the reaction was allowed to warm to room temperature and stirred for 
a further 5 mins. Sodium sulphite (5.0 g) was added and the reaction stirred for 15 mins and left to 
stand, then filtered and washed with H2O (200 mL), and dried in vacuo. The crude brown product was 
crystallised from methanol to give an orange solid (13.51 g, 42.60 mmol, 68 %, lit. 96 %
87
). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 8.30 (d, 1H, CH, 
3
JHH=8.6 Hz), 7.81 (s, 1H, CH), 7.41 (d, 1H, 
CH, 
3
JHH=8.6 Hz), 2.75 (s, 3H, CH3); 
13
C{
1
H} NMR (100 MHz, CDCl3) δ (ppm): 159.0 (C
IV
), 149.3 
(C
IV
), 138.1 (C
IV
), 136.2 (CH), 132.8 (CH), 125.0 (C
IV
), 124.1 (CH), 110.2 (C
IV
), 103.8 (C
IV
), 24.9 
(CH3); Anal. Calc. (C10H7ONBr2): C, 37.89; H, 2.23; N, 4.42 Found: C, 38.07; H, 2.12; N, 4.36. 
6.2.3 5-Chloro-8-hydroxy-2-methylquinoline (2.5)
36a, 88
 
5-Chloro-7-iodo-8-hydroxy-2-methylquinoline (4.28 g, 13.4 mmol) was heated at reflux in a solution 
of triethylamine (15 mL), for 4 h.  The solvent was removed in vacuo, and the product was purified by 
column chromatography (silica gel, 5% Ethyl acetate/hexane, Rf 0.26) (2.08 g, 10.8 mmol, 81 %, lit. 
90 %
36a, 88
). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 8.37 (d, 1H, CH, 
3
JHH=8.4 Hz), 7.41 (d, 1H, CH, 
3
JHH=8.4 Hz), 
7.40 (d, 1H, CH, 
3
JHH=8.4 Hz), 7.04 (d, 1H, CH, 
3
JHH=8.4 Hz), 2.73 (s, 3H, CH3); 
13
C{
1
H} NMR (100 
MHz, CDCl3) δ (ppm): 157.8 (C
IV
), 151.0 (C
IV
), δ 138.3 (CIV), 133.6 (CH), 126.6 (CH), 124.7 (CIV), 
123.7 (CH), 120.5 (C
IV
), 110.1 (CH), 25.0 (CH3); Anal. Calc. (C10H8ONCl): C, 62.03; H, 4.16; N, 
7.23 Found: C, 61.91; H, 4.07; N, 7.19. 
6.2.4 5-Chloro-7-iodo-8-hydroxy-2-methylquinoline (2.6)
36a
 
Iodine trichloride (10.0 g, 42.8 mmol) in conc. HCl (80 mL) was added dropwise to a solution of 8-
hydroxy-2-methylquinoline (6.60 g, 41.5 mmol) in conc. HCl (10 mL) with stirring. The reaction was 
stirred for 30 mins and the yellow solid filtered and dried. The product was then stirred in water (100 
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mL) for 1 h. The yellow solid was filtered, dried and recrystallised from hot ethanol to yield pale 
green crystals (7.0 g, 21.90 mmol, 53 %, lit. 56 %
36a
). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 8.33 (d, 1H, CH, 
3
JHH=8.0 Hz), 7.77 (s, 1H, CH), 7.42 (d, 1H, 
CH, 
3
JHH=8.0 Hz), 2.74 (s, 3H, CH3);
 13
C{
1
H} NMR (100 MHz, CDCl3) δ (ppm): 158.9 (C
IV
), 151.6 
(C
IV
), 137.0 (C
IV
), 134.3 (CH), 133.9 (CH), 124.4 (C
IV
), 124.0 (CH), 121.1 (C
IV
), 75.1 (C
IV
), 25.0 
(CH3); Anal. Calc. (C10H7ONClI): C, 37.59; H, 2.21; N, 4.38 Found: C, 37.49; H, 2.11; N, 4.29. 
6.2.5 5,7-Diiodo-8-hydroxy-2-methylquinoline (2.7)
36a
 
Iodine monochloroide (13.5 mL, 1.0 M) was added dropwise, with stirring, to a solution of 8-
hydroxy-2-methylquinoline (1.00 g, 6.28 mmol) in conc. HCl (10 mL). The reaction was then stirred 
for a further 1.5 h, after which time the yellow precipitate was filtered. The crude product was then 
stirred in water (50 mL) for 1 h, filtered and recrystallised from hot ethanol to yield beige needle-like 
crystals (0.90 g, 2.20 mmol, 35 %, lit. 65 %
36a
).  
1
H NMR (400 MHz, CDCl3) δ (ppm): 8.21 (s, 1H, CH), 8.13 (d, 1H, CH, 
3
JHH=8.6 Hz), 7.37 (d, 1H, 
CH, 
3
JHH=8.6 Hz), 2.74 (s, 3H, CH3); 
13
C{
1
H} NMR (100 MHz, CDCl3) δ (ppm): 158.9 (C
IV
), 152.6 
(C
IV
), 144.2 (CH), 140.7 (CH), 137.3 (C
IV
), 128.2 (C
IV
), 124.8 (CH), 110.2 (C
IV
), 84.7 (C
IV
), 24.8 
(CH3); Anal. Calc. (C10H7ONI2): C, 29.22; H, 1.72; N, 3.41 Found: C, 29.24; H, 1.60; N, 3.34. 
6.2.6 8-Hydroxy-2,7-dimethylquinoline (2.8)
36b
 
Hydrochloric acid (6 M, 225 mL), and 6-amino-cresol (10.0 g, 81.2 mmol) were heated at reflux for 
40 mins. Toluene (60 mL) was added dropwise, followed by dropwise addition of crotonaldehyde (7.5 
mL, 90.5 mmol). The reaction was heated at reflux for a further 2 h and was then allowed to cool to 
298 K. The water and toluene layers were separated, and the aqueous solution was neutralized by 
adding NaOH (6 M, ~220 mL) until the pH reached 6. The solution was washed with ethyl acetate (3 
x 50 mL). The combined organic washes were dried (MgSO4) and the solvent was removed in vacuo. 
The crude product was purified by an automated Combi Flash Rf liquid chromatograph (20 % ethyl 
acetate/hexane, Rf 0.48) to afford an orange solid (7.40 g, 43.0 mmol, 53 %).  
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1
H NMR (400 MHz, CDCl3) δ (ppm): 7.98 (d, 1H, CH, 
3
JHH=8.2 Hz), 7.26 (d, 1H, CH, 
3
JHH=8.2 Hz), 
7.23 (d, 1H, CH, 
3
JHH=8.2 Hz), 7.19 (d, 1H, CH, 
3
JHH=8.2 Hz), 2.71 (s, 3H, CH3), 2.45 (s, 3H, CH3); 
13
C{
1
H} NMR (100 MHz, CDCl3) δ (ppm): 15.7 (CH3), 25.1 (CH3), 116.8 (CH), 119.4 (C
IV
), 121.8 
(CH), 125.2 (CH), 129.6 (CH), 136.1 (CH), 137.4 (C
IV
), 149.1 (C
IV
), 156.8 (C
IV
); Anal. Calc. 
(C11H11ON): C, 76.28; H, 6.40; N, 8.09 Found: C, 76.31; H, 6.89; N, 7.61. 
6.2.7 8-Hydroxy-2-tert-butylquinoline (2.9)
36c
 
8-Hydroxyquinoline (2.00 g, 13.5 mL) in diethyl ether (60 mL) was added dropwise to a solution on 
tert-butyl lithium (1.6 M, 25.8 mL). The solution was stirred at 298 K for 0.5 h and then heated at 
reflux for 1.5 h. Nitrogen was bubbled through the reaction for 45 mins, via a water bubbler. Water 
(20 mL) and diethyl ether (40 mL) were added and the solution was neutralised with conc. HCl. The 
organic layer was separated from the aqueous layer, and the aqueous layer was extracted with 
methylene chloride (3 x 40 mL). The combined organic layers were dried (MgSO4) and the solvent 
was removed in vacuo. The product was purified by column chromatography (25:75 methylene 
chloride/hexane, Rf 0.43) to yield a pale yellow liquid (0.88 g, 4.4 mmol, 33 %, lit. 41 %
36c
).  
1
H NMR (400 MHz, CDCl3) δ (ppm): 8.07 (d, 1H, CH, 
3
JHH=8.8 Hz), 7.54 (d, 1H, CH, 
3
JHH=8.4 Hz), 
7.36 (t, 1H, CH, 
3
JHH=8.0 Hz), 7.26 (dd, 1H, CH, 
3
JHH=8.0 Hz, 
4
JHH= 1.2 Hz), 7.12 (dd, 1H, CH,
 
3
JHH=7.6 Hz, 
4
JHH=1.2 Hz), 1.45 (s, 9H, C(CH3)3); 
13
C{
1
H} NMR (100 MHz, CDCl3) δ (ppm): 167.5 
(C
IV
), 152.2 (C
IV
), 137.1 (C
IV
), 136.4 (CH), 127.0 (CHCHCH), 126.7 (C
IV
), 119.3 (CH), 117.5 
(CCHCH), 109.7 (CHCHC), 38.2 ((CH3)3C), 30.3 ((CH3)3C); Anal. Calc. (C13H15NO): C, 77.58; H, 
7.51; N, 6.96 Found: C, 77.64; H, 7.63; N, 6.82. 
6.2.8 5-Methoxy-8-hydroxy-2-methylquinoline (2.10)
36b
 
Hydrochloric acid (6 M, 23.0 mL) and 2-amino-4-methoxy phenol (1.03 g, 7.40 mmol) were heated to 
reflux for 40 mins. Toluene (6.2 mL) was added dropwise, followed by dropwise addition of 
crotonaldehyde (1.25 mL, 15.1 mmol). The reaction was heated at refux for 2 h, and was then allowed 
to cool to room temperature. The water and toluene layers were separated, and the aqueous solution 
was neutralized by adding NaOH (~220 mL of a 6 M solution) until the pH reached 6. The solution 
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was washed with ethyl acetate (3 x 50 mL) and the organic washes were combined, dried (MgSO4) 
and the solvent removed in vacuo. The crude product was purified by an automated Combi Flash Rf 
liquid chromatograph (1:1 petroleum ether/ethyl acetate, Rf 0.76) to afford a crystalline solid (1.10 g, 
5.80 mmol, 27 %).  
1
H NMR (400 MHz, CDCl3) δ (ppm): 8.40 (d, 1H, CH, 
3
JHH=8.7 Hz), 7.29 (d, 1H, CH, 
3
JHH=8.2 Hz), 
7.02 (d, 1H, CH, 
3
JHH=8.7 Hz), 6.70 (d, 1H, CH, 
3
JHH=8.2 Hz), 3.93 (s, 3H, OCH3), 2.71 (s, 3H, CH3); 
13
C{
1
H} NMR (100 MHz, CDCl3) δ (ppm): 157.5 (C
IV
), 147.8 (C
IV
), 145.5 (C
IV
), 138.0 (C
IV
), 131.5  
(CH), 121.8 (CH), 118.9 (C
IV
), 108.6 (CH), 104.1 (CH), 55.9 (OCH3), 25.1 (CH3);  Anal. Calc. 
(C11H11O2N): C, 69.83; H, 5.86; N, 7.40. Found: C, 69.24; H, 5.69; N, 7.34. 
Complex synthesis: 
6.2.9 Bis(2-methyl-8-quinolinolato)ethyl aluminium (2.11) 
Triethylaluminium (72 mg, 0.60 mmol) in toluene (3 mL) was added dropwise, with stirring, to a 
solution of 8-hydroxy-2-methylquinoline (2.1) (0.20 g, 1.2 mmol) in toluene (10 mL). The solution 
was stirred for 12 h, after which time a small amount of white precipitate was observed. The 
precipitate was isolated and the filtrate was concentrated in vacuo. The product was washed with 
hexane, filtered and dried in vacuo to yield a pale yellow powder (0.15 g, 0.40 mmol, 64 %).  
1
H NMR (400 MHz, toluene-d8) δ (ppm): 7.50 (d, 2H, CH, 
3
JHH=8.4 Hz), 7.28 (t, 2H, CH, 
3
JHH=8.4 
Hz), 7.17 (dd, 2H, CH, 
3
JHH=8.4 Hz, 
4
JHH=1.0 Hz), 6.86 (dd, 2H, CH, 
3
JHH=8.4 Hz, 
4
JHH=1.0 Hz), 6.66 
(d, 2H, CH, 
3
JHH=8.4 Hz), 3.00 (s, 6H, CH3), 1.07 (t, 3H, CH3, 
3
JHH=8.0 Hz), 0.57 (dq, 1H, CH2,
 
2
JHH=14.4 Hz, 
3
JHH=8.4 Hz), 0.38 (dq, 1H, CH2,
 2
JHH=14.4 Hz, 
3
JHH=8.4 Hz); 
13
C{
1
H} NMR (100 
MHz, CDCl3) δ (ppm): 158.5 (C
IV
), 156.2 (C
IV
), 140.4 (C
IV
), 138.3 (CH), 129.2 (CH), 127.3 (C
IV
), 
123.6 (CH), 113.3 (CH), 112.7 (CH), 22.9 (CH3), 9.9 (CH2CH3), 2.93 (CH2CH3); Anal. Calc. 
(AlC22H21N2O2): C, 70.96; H, 5.68; N, 7.52.  Found: C, 70.91; H, 5.70; N, 7.46. 
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6.2.10 Bis(2,5-dimethyl-8-quinolinolato)ethyl aluminium (2.12) 
Triethylaluminium (0.60 mL, 4.5 mmol) in toluene (10 mL) was added dropwise, with stirring, to a 
solution of 8-hydroxy-2,5-dimethylquinoline (2.2) (1.54 g, 8.89 mmol) in toluene (15 mL). The 
solution was stirred for 12 h. The solvent was removed in vacuo and the product was washed with 
hexane, filtered and dried in vacuo to yield a yellow powder (1.22 g, 3.30 mmol, 75 %).  
1
H NMR (400 MHz, toluene-d8) δ (ppm): 7.62 (d, 2H, CH, 
3
JHH=8.7 Hz), 7.00 (m, 4H, CHCH), 6.71 
(d, 2H, CH, 
3
JHH=8.7 Hz), 3.02 (s, 6H, CH3), 2.21 (s, 6H, CH3), 1.05 (t, 3H, CH3, 
3
JHH=7.8 Hz), 0.57 
(dq, 1H, CH2,
 2
JHH=14.2 Hz, 
3
JHH=7.8 Hz), 0.38 (dq, 1H, CH2,
 2
JHH=14.2 Hz, 
3
JHH=7.8 Hz);  
13
C{
1
H} 
NMR (100 MHz, toluene-d8) δ (ppm): 156.6 (C
IV
), 155.3 (C
IV
), 140.6 (C
IV
), 135.1 (CH), 129.1 (CH), 
126.2 (C
IV
), 122.8 (CH), 119.1 (C
IV
), 112.0 (CH), 22.6 (CH3), 9.7 (CH2CH3), 2.7 (CH2CH3); Anal. 
Calc. (AlC24H25N2O2): C, 71.98; H, 6.29; N, 7.00. Found: C, 72.03; H, 6.37; N, 6.84. 
6.2.11 Bis(5,7-dichloro-2-methyl-8-quinolinolato)ethyl aluminium (2.13) 
Triethylaluminium (0.50 g, 4.4 mmol) in toluene (5 mL) was added dropwise, with stirring, to a 
solution of 5,7-dichloro-8-hydroxy-2-methylquinoline (2.3) (2.0 g, 8.8 mmol) in toluene (15 mL). The 
solution was stirred for 12 h. The solvent was removed in vacuo and the product was washed with 
hexane, filtered and dried in vacuo to yield a yellow powder (1.73 g, 3.40 mmol, 77 %). 
1
H NMR (400 MHz, toluene-d8) δ (ppm): 7.81 (d, 2H, CH, 
3
JHH=8.0 Hz); 7.33 (s, 2H, CH), 6.53 (d, 
2H, CH, 
3
JHH=8.0 Hz), 2.95 (s, 6H, CH3), 0.87 (t, 3H, CH3, 
3
JHH=8.0 Hz), 0.39 (dq, 1H, CH2,
 
2
JHH=14.5 Hz, 
3
JHH=8.4 Hz), 0.23 (dq, 1H, CH2,
 2
JHH=14.5 Hz, 
3
JHH=8.4 Hz); 
13
C{
1
H} NMR (100 
MHz, CDCl3) δ (ppm): 159.3 (C
IV
), 152.5 (C
IV
), 140.3 (C
IV
), 136.5 (CH), 129.2 (CH), 125.0 (CH), 
123.8 (C
IV
), 117.2 (C
IV
), 116.6 (C
IV
), 23.3 (CH3), 9.3 (CH2CH3), 1.6 (CH2CH3); Anal. Calc. 
(AlC22H17N2O2Cl4): C, 51.79; H, 3.36; N, 5.49. Found: C, 51.93; H, 3.26; N, 5.56. 
6.2.12 Bis(5,7-dibromo-2-methyl-8-quinolinolato)ethyl aluminium (2.14) 
Triethylaluminium (26 mg, 0.23 mmol) in toluene (3 mL) was added dropwise, with stirring, to a 
solution of 5,7-dibromo-8-hydroxy-2-methylquinoline (2.4) (0.15 g, 0.47 mmol) in toluene (10 mL). 
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The solution was stirred for 12 h. The solvent was removed in vacuo and the product was washed with 
hexane, filtered and dried in vacuo to yield a yellow powder (0.16 g, 0.14 mmol, 62 %).  
1
H NMR (400 MHz, CDCl3) δ (ppm): 7.86 (d, 2H, CH, 
3
JHH=8.4 Hz), 7.82 (s, 2H, CH), 6.59 (d, 2H, 
CH, 
3
JHH=8.4 Hz), 3.06 (s, 6H, CH3), 1.01 (t, 3H, CH3, 
3
JHH=8.2 Hz), 0.41 (dq, 1H, CH2,
 2
JHH=14.6 
Hz, 
3
JHH=8.4 Hz), 0.23 (dq, 1H, CH2,
 2
JHH=14.6 Hz, 
3
JHH=8.4 Hz); 
13
C{
1
H} NMR (100 MHz, toluene-
d8) δ (ppm): 159.2 (C
IV
), 155.3 (C
IV
), 140.5 (C
IV
), 138.6 (CH), 135.0 (CH), 124.3 (CH), 107.2 (C
IV
), 
106.0 (C
IV
), 23.3 (CH3), 10.0 (CH2CH3), 1.8 (CH2CH3); Anal. Calc. (AlC22H17N2O2Br4): C, 38.41; H, 
2.49; N, 4.07. Found: C, 38.26; H, 2.62; N, 3.98. 
6.2.13 Bis(5-chloro-2-methyl-8-quinolinolato)ethyl aluminium (2.15) 
Triethylaluminium (48 mg, 0.42 mmol) in toluene (5 mL) was added dropwise, with stirring, to a 
solution of 5-chloro-8-hydroxy-2-methylquinoline (2.5) (0.16 g, 0.84 mmol) in toluene (8 mL). The 
solution was stirred for 12 h. The solvent was removed in vacuo and the product was washed with 
hexane, filtered and dried in vacuo to yield a yellow powder (0.11 g, 0.25 mmol, 60 %). 
1
H NMR (400 MHz, benzene-d6) δ (ppm): 8.03 (d, 2H, CH, 
3
JHH=8.6 Hz), 7.21 (d, 2H, CH, 
3
JHH=8.6 
Hz), 6.88 (d, 2H, CH, 
3
JHH=8.6 Hz), 6.58 (d, 2H, CH, 
3
JHH=8.6 Hz), 2.85 (s, 6H, CH3), 1.05 (t, 3H, 
CH3, 
3
JHH=8.2 Hz), 0.48 (dq, 2H, CH2, 
2
JHH=14.7 Hz, 
3
JHH=8.2 Hz); 
13
C{
1
H} NMR (100 MHz, 
benzene-d6) δ (ppm): 157.7 (C
IV
), 157.5 (C
IV
), 141.0 (C
IV
), 136.1 (CH), 129.4 (CH), 125.4 (C
IV
), 
124.9 (CH), 116.5 (C
IV
), 113.1 (CH), 23.2 (CH3), 10.1 (CH2CH3), 2.7 (CH2CH3); Anal. Calc. 
(AlC22H19N2O2Cl2): C, 59.88; H, 4.34; N, 6.35 Found: C, 59.73; H, 4.24; N, 6.42. 
6.2.14 Bis(5-chloro-7-iodo -2-methyl-8-quinolinolato)ethyl aluminium (2.16) 
Triethylaluminium (78 mg, 0.68 mmol) in toluene (2 mL) was added dropwise, with stirring, to a 
solution of 5-chloro-7-iodo-8-hydroxy-2-methylquinoline (2.6) (0.44 g, 1.4 mmol) in toluene (10 
mL). The solution was stirred for 12 h. The solvent was removed in vacuo and the product was 
washed with hexane, filtered and dried in vacuo to yield a yellow powder (0.34 g, 0.49 mmol, 72 %).  
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1
H NMR (400 MHz, benzene-d6) δ (ppm): 7.80 (d, 2H, CH, 
3
JHH=8.4 Hz), 7.72 (s, 2H, CH), 6.57 (d, 
2H, CH, 
3
JHH=8.4 Hz), 3.03 (s, 6H, CH3), 0.89 (t, 3H, CH3, 
3
JHH=8.4 Hz), 0.43 (dq, 1H, CH2,
 
2
JHH=14.4 Hz, 
3
JHH=8.4 Hz), 0.27 (dq, 1H, CH2,
 2
JHH=14.4 Hz, 
3
JHH=8.4 Hz);
 13
C{
1
H} NMR (100 
MHz, benzene-d6) δ (ppm): 159.1 (C
IV
), 158.1 (C
IV
), 138.6 (C
IV
), 136.5 (CH), 136.4 (CH), 125.3 
(C
IV
), 125.2 (CH), 117.8 (C
IV
), 80.1 (C
IV
), 23.9 (CH3), 10.1 (CH2CH3), 2.6 (CH2CH3); Anal. Calc. 
(AlC22H17N2O2Cl2I2): C, 38.12; H, 2.47; N, 4.04.  Found: C, 38.20; H, 2.41; N, 3.93. 
6.2.15 Bis(5,7-diiodo-2-methyl-8-quinolinolato)ethyl aluminium (2.17) 
Triethylaluminium (83 mg, 0.73 mmol) in toluene (10 mL) was added dropwise, with stirring, to a 
solution of 5,7-diiodo-8-hydroxy-2-methylquinoline (2.7) (0.60 g, 1.5 mmol) in toluene (15 mL). The 
solution was stirred for 12 h. The solvent was removed in vacuo and the product was washed with 
hexane, filtered and dried in vacuo to yield an orange powder (0.37 g, 0.42 mmol, 57 %).  
1
H NMR (400 MHz, benzene-d6) δ (ppm): 8.20 (s, 2H, CH), 7.68 (d, 2H, CH, 
3
JHH=8.8 Hz), 6.51 (d, 
2H, CH, 
3
JHH=8.8 Hz), 3.01 (s, 6H, CH3), 0.90 (t, 3H, CH3, 
3
JHH=8.4 Hz), 0.44 (dq, 1H, CH2,
 
2
JHH=14.6 Hz, 
3
JHH=8.2 Hz), 0.26 (dq, 1H, CH2,
 2
JHH=14.6 Hz, 
3
JHH=8.2 Hz); 
13
C{
1
H} NMR (100 
MHz, benzene-d6): 159.4 (C
IV
), 159.0 (C
IV
), 145.9 (CH), 143.0 (CH), 139.1 (C
IV
), 128.9 (C
IV
), 125.7 
(CH), 82.1 (C
IV
), 79.8 (C
IV
), 23.6 (CH3), 10.0 (CH2CH3), 1.7 (CH2CH3); Anal. Calc. 
(AlC22H17N2O2I4): C, 30.16; H, 1.96; N, 3.20 Found: C, 30.22; H, 2.05; N, 3.18. 
6.2.16 Bis(2,7-dimethy-8-quinolinolato)ethyl aluminium (2.18) 
To a solution of triethylaluminium (0.25 g, 2.2 mmol) in toluene (20 mL) was added 2,7-dimethyl-8-
hydroxyquinoline (2.8) (0.77 g, 4.4 mmol) in toluene (20 mL), dropwise over 1 h. The reaction was 
allowed to stir at 298 K for 1 week. The solvent was removed in vacuo, affording a pale yellow solid. 
Recrystallization from toluene afforded small yellow crystals (0.16 g, 0.41 mmol, 19 %). 
1
H NMR(400 MHz, toluene-d8) δ (ppm): 7.49 (d, 2H, CH, 
3
JHH=8.2 Hz), 7.19 (d, 2H, CH, 
3
JHH=8.2 
Hz), 6.81 (d, 2H, CH, 
3
JHH=8.3 Hz), 6.66 (d, 2H, CH, 
3
JHH=8.3 Hz), 3.03 (s, 6H, CH3), 2.46 (s, 6H, 
CH3), 0.98 (t, 3H, CH3, 
3
JHH=8.4 Hz), 0.49 (dq, 1H, CH2, 
2
JHH=14.4 Hz, 
3
JHH=8.4 Hz), 0.32 (dq, 1H, 
161 
 
Chapter 6 
 
CH2, 
2
JHH=14.4 Hz, 
3
JHH=8.4 Hz); 
13
C{
1
H} NMR (100 MHz, benzene-d6) δ (ppm): 156.5 (C
IV
), 156.1 
(C
IV
), 140.1 (C
IV
), 138.6 (CH), 132.0 (CH), 126.2 (C
IV
), 123.0 (CH), 122.3 (C
IV
), 113.0 (CH), 23.3 
(CH3), 16.5 (CH3), 10.5 (CH2CH3), 1.75 (CH2CH3); Anal. Calc. (AlC24H25N2O2): C, 71.98; H, 6.29; 
N, 7.00. Found: C, 71.98; H, 6.37; N, 6.91.
 
6.2.17 Bis(2-tert-butyl-8-quinolinolato)ethyl aluminium (2.19) 
A solution of triethyl aluminium (85 mg, 0.74 mmol) in toluene (5 mL) was added dropwise to a 
solution of 8-hydroxy-2-tert-butylquinoline (2.19) (0.30 g, 1.5 mmol) in toluene (15 mL), the solution 
was left to stir for 12 h. The solvent was removed in vacuo to reveal a yellow oil. Pentane (3 mL) was 
added, and a yellow powder precipitated. The powder was isolated and dried in vacuo (0.20 g, 0.44 
mmol, 59 %). 
1
H NMR (400 MHz, toluene-d8) δ (ppm): 7.64 (d, 
3
JHH=8.8 Hz, 2H, CH), 7.32 (m, 4H, CHCH), 7.22 
(d, 2H, CH, 
3
JHH=8.8 Hz), 1.72 (s, 18 H, C(CH3)3), 0.77 (t, 3H, CH3, 
3
JHH= 8.0 Hz), 0.51 (dq, 1H, CH2,
 
2
JHH=15.6 Hz, 
3
JHH=8.6 Hz), 0.37 (dq, 1H, CH2,
 2
JHH=15.6 Hz, 
3
JHH=8.6 Hz); 
13
C{
1
H} NMR (100 
MHz, benzene-d6) δ (ppm): 169.2 (C
IV
), 157.7 (C
IV
), 141.4 (C
IV
), 139.1 (CH), 129.1 (CH), 128.5 
(C
IV
), 120.7 (CH), 115.4 (CH), 114.7 (CH), 31.6 (tBu), 31.1 (C
IV
(tBu)), 9.1 (CH2CH3), 1.8 (CH2CH3); 
Anal. Calc. (AlC28H33N2O2): C, 73.66; H, 7.29; N, 6.14. Found: C, 73.50; H, 7.21; N, 6.11 
6.2.18 Bis(5-methoxy-2-methyl-8-quinolinolato)ethyl aluminium (2.20) 
A solution of triethylaluminium (388 mg, 3.40 mmol) in toluene (5 mL) was added dropwise to a 
solution of 8-hydroxy-5-methoxy-2-methylquinoline (2.10) (1.27 g, 6.80 mmol) in toluene (20 mL) 
over the period of 1 h.  The solution was left to stir at 298 K for 12 h. The precipitate was filtered, 
dried in vacuo, and recrystallized from toluene to afford bright yellow crystals (1.02 g, 2.35 mmol, 69 
%). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 8.28 (d, 2H, CH, 
3
JHH=8.2 Hz), 6.99 (d, 2H, CH, 
3
JHH= 8.2 Hz), 
6.68 (d, 2H, CH, 
3
JHH=8.2 Hz), 6.39 (d, 2H, CH, 
3
JHH=8.2 Hz), 3.43 (s, 3H, CH3), 2.99 (s, 3H, CH3), 
1.06 (t, 3H, CH3, 
3
JHH=8.2 Hz,), 0.58 (dq, CH2, 
2
JHH=14.7 Hz, 
3
JHH=8.2 Hz, 1H), 0.38 (dq, CH2, 
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2
JHH=14.7 Hz, 
3
JHH=8.2 Hz, 1H); 
13
C{
1
H} NMR (100 MHz, benzene-d6) δ (ppm): 157.2 (C
IV
), 152.6 
(C
IV
), 145.4 (C
IV
), 140.9 (C
IV
), 134.2 (CH), 123.2 (CH), 120.0 (CH), 111.5 (C
IV
), 107.5 (CH), 55.8 
(OCH3), 23.4 (CH3), 10.4 (CH2CH3), 1.8 (CH2CH3); Anal. Calc. (AlC24H25N2O4): C, 66.66; H, 5.83; 
N, 6.48. Found: C, 66.84; H, 5.95; N, 6.39. 
6.2.19 Bis(2-methyl-8-quinolinolato)gallium chloride (2.21) 
8-Hydroxy-2-methylquinoline (0.45 g, 2.8 mmol) in toluene (10 mL) was added dropwise, with 
stirring, to a solution of gallium(III)chloride, in toluene (0.25 g, 4.4 mmol) at 273 K. The reaction was 
stirred for 12 h, after which time a pale green solid precipitated from the reaction. The precipitate was 
filtered and 
1
H NMR analysis showed the desired product. The solid was then crystallised from THF, 
at low temperature(255 K) , to yield pale yellow, microcrystalline, air stable solid (0.30 g, 0.71 mmol, 
51 %). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 8.31 (d, 2H, CH, 
3
JHH=8.0 Hz), 7.50 (m, 4H, CH), 7.22 (dd, 2H, 
CH,
 3
JHH=8.0 Hz, 
4
JHH=1.0 Hz), 7.15 (dd, 2H, CH, 
3
JHH=8.0 Hz,
 4
JHH=1.0 Hz), 3.24 (s, 6H, CH3); 
13
C{
1
H} NMR (100 MHz, CDCl3) δ (ppm): 156.9 (C
IV
), 155.6 (C
IV
), 139.8 (CH), 136.9 (C
IV
), 129.0 
(CH), 127.0 (CH), 124.3 (C
IV
), 114.2 (CH), 112.8 (CH), 23.3 (CH3); Anal. Calc. (GaC10H16N2O2Cl): 
C, 56.99; H, 3.83; N, 6.65 Found: C, 56.89; H, 3.9; N, 6.58 m/z (LSIMS) 422 (M
+
, 15%), 385 (M
+
-Cl, 
45%). 
6.2.20 Bis(5,7-dichloro-2-methyl-8-quinolinolato)gallium chloride (2.22) 
5,7-Dichloro-8-hydroxy-2-methylquinoline (2.3) (0.65 g, 2.8 mmol) in toluene (15 mL) was added 
dropwise with stirring to a solution of gallium(III)chloride (0.25 g, 1.4 mmol) in toluene (10 mL) at 
273 K. The reaction was left to stir for 12 h, after which time the solvent was removed in vacuo. The 
yellow solid was then recrystallised from toluene to yield yellow crystals (0.39 g, 0.70 mmol, 53 %). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 8.59 (d, 2H, CH, 
3
JHH=8.4 Hz), 7.60 (d, 2H, CH, 
3
JHH=8.4 Hz), 
7.59 (s, 2H, CH), 3.25 (s, 6H, CH3); 
13
C{
1
H} NMR (100 MHz, CDCl3) δ (ppm): 159.4 (C
IV
), 150.7 
(C
IV
), 137.5 (CH), 129.2 (CH), 128.2 (C
IV
), 125.1 (CH), 123.6 (C
IV
), 118.0 (C
IV
), 117.1 (C
IV
), 23.3 
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(CH3); Anal. Calc. (GaC20H12O2N2Cl5): C, 42.95; H, 2.16; N, 5.01 Found: C, 43.09; H, 2.08; N, 4.92; 
m/z (LSIMS) 560 (M
+
, 40 %), 523 (M
+
-Cl, 25 %). 
6.2.21 Bis(5,7-dichloro-2-methyl-8-quinolinolato)gallium tert-butoxide (2.23) 
Bis(5,7-dichloro-2-methylquinolinato)gallium chloride (3.17) (0.10 g, 0.18 mmol) was added 
portionwise over 30 mins to a suspension of potassium tert-butoxide (20 mg, 0.18 mmol) in benzene-
d6 (4 mL). The reaction was allowed to stir at room temperature for 24 h. The orange precipitate 
removed by centrifugation and 
1
H NMR spectroscopy of the solution revealed complete conversion to 
the product. 
1
H NMR (400 MHz, benzene-d6) δ (ppm): 7.79 (d, 2H, CH, 
3
JHH=8.8 Hz), 7.41 (s, 2H, CH), 6.50 (d, 
2H, CH, 
3
JHH=8.8 Hz), 3.16 (s, 6H, CH3), 1.17 (s, 9H, OC(CH3)3). 
6.2.22 (2-Methyl-8-quinolinolato)dimethyl gallium (2.24) 
Trimethylgallium (108 mg, 0.94 mmol) in toluene (3 mL) was added dropwise to a solution of 8-
hydroxy-2-methylquinoline (2.1) (0.15 g, 0.94 mmol) in toluene (10 mL). The solution was stirred at 
room temperature for 16 h, after which time a yellow precipitate had formed. The solid was isolated 
by filtration and dried in vacuo to yield a yellow solid. The volume of the filtrate was reduced and 
further product was isolated and dried in vacuo (0.18 g, 0.70 mmol, 74 %). 
1
H NMR (400 MHz, benzene-d6) δ (ppm): 7.38 (d, 1H, CH, 
3
JHH=8.4 Hz), 7.34 (dd, 1H, CH, 
3
JHH=7.8 
Hz, 
4
JHH=1.2 Hz), 7.29 (t, 1H, CH, 
3
JHH=7.8 Hz), 6.73 (dd, 1H, CH, 
3
JHH=8.0 Hz, 
4
JHH=1.2 Hz), 6.27 
(d, 1H, CH, 
3
JHH=8.4 Hz), 1.97 (s, 3H, CH3), 0.10 (s, 6H, CH3); 
13
C{
1
H} NMR (100 MHz, CDCl3) δ 
(ppm): 162.0 (C
IV
), 153.6 (C
IV
), 139.8 (CH), 139.0 (C
IV
), 130.6 (CH), 122.2 (CH), 114.7 (CH), 111.6 
(CH), 110.3 (C
IV
), 22.4 (CH3), -6.0 (CH3); Anal. Calc. (GaC12H14NO): C, 55.87; H, 5.47; N, 5.43 
Found: C, 55.96; H, 5.51; N, 5.57. 
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6.2.23 (5,7-Dichloro-2-methyl-8-quinolinolato)dimethyl gallium (2.25) 
Trimethylgallium (0.20 g, 1.8 mmol) in toluene (3 mL) was added dropwise to a solution of 5,7-
dichloro-8-hydroxy-2-methylquinoline (2.3) (0.40 g, 1.8 mmol) in toluene (15 mL). The solution was 
stirred at room temperature for 16 h after which time the solvent was removed in vacuo to yield a 
yellow solid (0.50 g, 1.5 mmol, 87 %). 
1
H NMR (400 MHz, benzene-d6) δ (ppm): 7.82 (d, 1H, CH, 
3
JHH=8.4 Hz), 7.47 (s, 1H, CH), 6.15 (d, 
1H, CH, 
3
JHH=8.4 Hz), 1.82 (s, 3H, CH3), 0.00 (s, 6H, CH3); 
13
C{
1
H} NMR (100 MHz, CDCl3) δ 
(ppm): 156.9 (C
IV
), 155.3 (C
IV
), 138.9 (C
IV
), 137.1 (CH), 130.6 (CH), 124.4 (C
IV
), 122.7 (CH), 119.1 
(C
IV
), 113.9 (C
IV
), 22.3 (CH3), -6.1 (CH3); Anal. Calc. (GaC12H12NOCl2): C, 44.10; H, 3.70; N, 4.29 
Found: C, 44.13; H, 3.74; N, 4.35. 
6.2.24 Bis(5,7-dichloro-2-methyl-8-quinolinolato)methyl gallium (2.26) 
Trimethylgallium (51 mg, 0.44 mmol) in toluene (3 mL) was added dropwise to a solution of 5,7-
dichloro-8-hydroxy-2-methylquinoline (2.3) (0.20 g, 0.88 mmol) in toluene (15 mL). The solution 
was heated at reflux for 24 h after which time the solvent was removed in vacuo to yield a yellow 
solid. The product was isolated by washing with hot hexane to remove the side products, yielding a 
pale yellow solid (60 mg, 0.11 mmol, 25 %). 
1
H NMR (400 MHz, benzene-d6) δ (ppm): 7.82 (s, 2H, CH, 
3
JHH=8.8 Hz), 7.44 (s, 2H, CH), 6.45 (d, 
2H, CH, 
3
JHH=8.8 Hz), 2.83 (s, 6H, CH3), 0.16 (s, 3H, Ga-CH3);
 13
C{
1
H} NMR (100 MHz, CDCl3) δ 
(ppm): 157.5 (C
IV
), 153.9 (C
IV
), 138.8 (C
IV
), 135.9 (CH), 129.2 (CH), 124.0 (C
IV
), 124.0 (CH), 117.5 
(C
IV
), 115.5 (C
IV
), 22.9 (CH3), - 4.9 (Ga-CH3); Anal. Calc. (GaC21H15N2O2Cl4): C, 46.80; H, 2.81; N, 
5.20 Found: C, 46.72; H, 2.87; N, 5.15. 
6.2.25 General polymerization procedure for chapters 2 and 3 
In a glove box, a Young’s tap ampoule was loaded with rac-lactide (432 mg, 3 mmol) and bis(5,7-
dichloro-2-methyl-8-quinolinolato)ethyl aluminium (15.7 mg, 0.03 mmol). Toluene (2.9 mL) and 
iPrOH (0.03 mmol) were injected into the reaction, such that the overall concentration of lactide was 
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1 M and of initiator was 10 mM. The ampoule was removed from the glovebox and placed in an oil 
bath at 348 K. Aliquots were taken from the reaction under an argon atmosphere. Aliquots were 
quenched with hexane (1-2 mL) and the solvent was allowed to evaporate. The crude product was 
analysed by 
1
H NMR and homonuclear decoupled 
1
H NMR spectroscopy, GPC and MALDI-ToF 
mass spectrometry. The conversion of LA to PLA was determined by integration of the methine 
proton peaks of the 
1H NMR spectra, δ 5.00 – 5.30. The Pi value was determined by integration of the 
methine region of the homonuclear decoupled 
1
H NMR spectrum, δ 5.1 – 5.24.19 The PLA number-
averaged molecular weight, Mn, and polydispersity index (Mw/Mn; PDI) were determined using gel 
permeation chromatography equipped with multiangle laser light scattering (GPC-MALLS). The 
refractive angle increment for polylactide (dn/dc) in THF was 0.042 mL g
−1
.
89
  
6.3 Chapter 3 Experimental Section 
Pro-ligand synthesis: 
6.3.1 8-Hydroxy-2-phenylquinoline (3.1)
36c
 
Bromobenzene (6 mL, 58 mmol) was added dropwise to stirred suspension of lithium metal (0.84 mg, 
121 mmol) in diethyl ether (40 mL). After stirring for 1 h, a solution of 8-hydroxyquinoline (4.0 g, 27 
mmol) in diethyl ether (80 mL) was added dropwise. The solution was heated at reflux for 1 h, cooled 
to 298 K and argon was bubbled through a water bubbler into the solution. Diethyl ether (80 mL) and 
water (40 mL) were added slowly, the resulting solution was neutralised with conc. HCl. The two 
phases were separated and the aqueous layer was then extracted with methylene chloride (3 x 50 mL). 
The combined organic layers were dried (MgSO4) and the solvent was removed in vacuo. The product 
was then purified by column chromatography (9:1 hexane:ethyl acetate, Rf = 0.31) to yield a white 
solid (3.23 g, 14.6 mmol, 53 %, lit. 56 %
36c
).  
1
H NMR (400 MHz, CDCl3) δ (ppm): 7.20 (dd, 1H, CH, 
3
JHH=7.6 Hz, 
4
JHH=1.2 Hz), 7.35 (dd, 1H, 
CH, 
3
JHH=8.2 Hz, 
4
JHH=1.2 Hz), 7.45 (t, 1H, CH, 
3
JHH=8.0 Hz), 7.49 (m, 1H, CH), 7.55 (m, 2H, CH), 
7.94 (d, 1H, CH, 
3
JHH=8.6 Hz), 8.17 (dd, 2H, CH, 
3
JHH=7.2 Hz, 
4
JHH=1.6 Hz), 8.24 (d, 1H, CH, 
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3
JHH=8.6 Hz), 8.37 (bs, 1H, OH); Anal. Calc. (C15H11NO): C, 81.43; H, 5.01; N, 6.33 Found: C, 81.49; 
H, 5.04; N, 6.32. 
6.3.2 5-Chloro-7-iodo-8-isopropoxy-2-methylquinoline (3.2) 
To a stirred solution of 5-chloro-7-iodo-8-hydroxy-2-methylquinoline (2.6) (2.0 g, 6.3 mmol) in 
DMSO (20 mL) was added potassium carbonate (1.0 g, 9.40 mmol) and 2-bromopropane (3.6 g, 26.3 
mmol). The suspension was stirred overnight at 298 K, after which time a saturated solution of 
ammonium chloride (20 mL) was added. The reaction mixture was extracted with methylene chloride 
(3 x 100 mL) and the organic phases were combined and washed with solutions of NaOH (2 M, 100 
ml), water (100 ml), brine (100 ml) and then dried (Na2SO4). The solvent was removed in vacuo and 
the crude product was purified by column chromatography (ethyl acetate:hexane = 25:75) (1.77 g, 4.9 
mmol, 79 %). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 8.36 (d, 1H, CH, 
3
JHH=8.7 Hz), 7.89 (s, 1H, CH), 7.38 (d, 1H, 
CH, 
3
JHH=8.7 Hz), 5.35 (sept, 1H, CH(CH3)2, 
3
JHH=6.2 Hz), 2.75 (s, 3H, CH3), 1.44 (d, 6H, CH(CH3)2, 
3
JHH=6.2 Hz); 
13
C{
1
H} NMR (100 MHz, CDCl3) δ (ppm): 159.0 (C
IV
), 154.0 (CCH3), 142.2 (C
IV
), 
134.4 (CH), 133.6 (CH), 125.8 (C
IV
), 125.6 (C
IV
), 123.1 (CH), 91.7 (C
IV
), 78.3 (OCH), 25.6 (CH3), 
23.1 (CH(CH3)2); Anal. Calc. (C13H13ClINO): C, 43.18; H, 3.62; N, 3.87 Found: C, 43.24; H, 3.71; N, 
3.93. 
6.3.3 5-Chloro-8-isopropoxy-2-methyl-7-phenylquinoline (3.3) 
To a Schlenk tube charged with 5-chloro-7-iodo-8-isopropoxyquinoline (3.2) (0.50 g, 1.4 mmol), 
phenylboronic acid (0.20 g, 1.6 mmol) and Pd(PPh3)4 (48 mg, 41 µmol) was added toluene (20 ml), 
Na2CO3 (2 M, 18 mL) and ethanol (3 mL). The reaction mixture was heated at reflux (373 K) for 40 h 
after which time the solution was cooled and extracted with ether (3 x 20 mL). The organic phases 
were collected, dried (Na2SO4), and the solvent was removed in vacuo. The crude product was 
purified by column chromatography (ethyl acetate:hexane = 5:95) to yield the product as a white 
powder (0.38 g, 1.2 mmol, 88 %). 
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1
H NMR (400 MHz, CDCl3) δ (ppm): 8.40 (d, 1H, CH, 
3
JHH=8.6 Hz), 7.69 (d, 1H, CH, 
3
JHH=8.6 Hz), 
7.60 (s, 1H, CH), 7.34-7.48 (m, 5H, CH), 4.56 (sept, 1H, CH(CH3)2, 
3
JHH=6.2 Hz), 2.79 (s, 3H, CH3), 
1.08 (d, 6H, CH(CH3)2, 
3
JHH=6.2 Hz); 
13
C{
1
H} NMR (100 MHz, CDCl3) δ (ppm): 159.2 (C
IV
), 150.0 
(C
IV
), 144.2 (C
IV
), 138.3 (C
IV
), 135.2 (C
IV
), 133.2 (CH), 130.2 (CH), 128.2 (CH), 127.9 (CH), 127.6 
(CH), 125.5 (C
IV
), 124.9 (C
IV
), 122.7 (CH), 77.6 (OCH(CH3)2), 25.8 (CH3), 22.5 (CH(CH3)2); Anal. 
Calc. (C19H18ClNO): C, 73.19; H, 5.82; N, 4.49. Found: C, 73.20; H, 5.93; N, 4.53. 
6.3.4 5-Chloro-8-hydroxy-2-methyl-7-phenylquinoline (3.4) 
To a stirred solution of 5-chloro-8-isopropoxy-2-methyl-7-phenylquinoline (3.3) (0.50 g, 1.6 mmol) in 
methylene chloride (10 mL) was added boron trichloride (1.0 M in CH2Cl2, 6.5 mL, 6.4 mmol) at 195 
K. The reaction mixture was stirred at 195 K for 2 h, warmed to 298 K and stirred for a further 2 h. 
Ethanol (25 mL) was added and the mixture was stirred for 16 h. The solvent was removed in vacuo 
and the resulting residue washed with water. The product was then extracted with diethyl ether (3 x 25 
mL) to yield a yellow solid (0.35 g, 1.2 mmol, 82 %). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 8.40 (d, 1H, CH, 
3
JHH=8.8 Hz), 7.69 (d, 1H, CH, 
3
JHH=7.6 Hz), 
7.63 (s, 1H, CH), 7.35-7.54 (m, 5H, CH), 2.77 (s, 3H, CH3); 
13
C{
1
H} NMR (100 MHz, CDCl3) δ 
(ppm): 158.1 (C
IV
), 147.5 (C
IV
), 138.6 (C
IV
), 136.9 (CH), 133.49 (CH), 129.4 (CH), 128.6 (CH), 128.0 
(CH), 127.6 (CH), 123.7 (CH), 123.4 (C
IV
), 123.1 (C
IV
), 120.6 (CH), 25.0 (CH3); Anal. Calc. 
(C16H12ClNO): C, 71.25; H, 4.48; N, 5.19 Found: C, 70.95; H, 4.63; N, 5.02. 
6.3.5 8-Acetoxy-5-chloro-7-iodo-2-methylquinoline (3.5)
90
 
5-Chloro-7-iodo-8-hydroxy-2-methylquinoline (2.6) (4.0 g, 12.5 mmol) was dissolved in acetic 
anhydride (120 mL). The solution was heated at reflux for 5 h, after which time the solvent was 
removed in vacuo. The residue was stirred in saturated sodium hydrogen carbonate (20 mL) after 
which the product was extracted into methylene chloride (3 x 20 mL). The organic washings were 
dried (MgSO4) and the solvent was removed in vacuo to yield a brown solid (4.13 g, 11.4 mmol, 91 
%). 
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1
H NMR (400 MHz, CDCl3) δ (ppm): 8.35 (d, 1H, CH, 
3
JHH=8.8 Hz), 7.89 (s, 1H, CH), 7.39 (d, 1H, 
CH, 
3
JHH=8.8 Hz), 2.71 (s, 3H, COCH3), 2.52 (s, 3H, CH3);
 13
C{
1
H} NMR (100 MHz, CDCl3) δ 
(ppm): 168.7 (CH3COOR), 161.1 (C
IV
), 148.1 (C
IV
), 141.4 (C
IV
), 133.8 (CH), 133.4 (CH), 129.4 (C
IV
), 
125.6 (C
IV
), 123.9 (CH), 90.2 (C
IV
), 25.8 (CH3), 21.2 (CH3COOR); Anal. Calc. (C12H9ClINO2): C, 
39.86; H, 2.51; N, 3.87 Found: C, 39.87; H, 2.47; N, 3.78. 
6.3.6 8-Acetoxy-5-chloro-7-(2’-ethynylferrocene)-2-methylquinoline (3.6) 
8-Acetoxy-5-chloro-7-iodo-2-methylquinoline (3.5) (1.4 g, 3.9 mmol) and ethynylferrocene (0.95 g, 
4.5 mmol) were dissolved in THF (25 mL) and triethylamine (10 mL). Copper iodide (37 mg, 5 %) 
and Pd(PPh3)2Cl2 (135 mg, 5 %) were added sequentially to the solution. The reaction was stirred 
under argon at room temperature for 20 h. The solvent was removed in vacuo and the product was 
purified by column chromatography (methylene chloride, Rf = 0.33) to yield a pale orange solid (1.46 
g, 3.30 mmol, 85 %). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 8.35 (d, 1H, CH, 
3
JHH=8.8 Hz), 7.62 (s, 1H, CH), 7.36 (d, 1H, 
CH, 
3
JHH=8.8 Hz), 4.52 (t, 2H, Cp(CH)C≡C, 
3
JHH=1.9 Hz), 4.28 (t, 2H, Cp(CH)C≡C, 
3
JHH=1.9 Hz), 
4.24 (s, 5H, Cp(CH)), 2.73 (s, 3H, COCH3), 2.56 (s, 3H, CH3); 
13
C{
1
H} NMR (100 MHz, CDCl3) δ 
(ppm): 169.1 (CH3COOR), 161.0 (C
IV
), 147.2 (C
IV
), 141.7 (C
IV
), 133.2 (CH), 128.5 (C
IV
), 127.9 (CH), 
125.3 (C
IV
), 123.6 (CH), 118.4 (C
IV
), 96.9 (C≡C), 80.2 (C≡C), 71.9 (Cp(CH)C≡C), 70.4 (Cp(CH)), 
69.6 (Cp(CH)C≡C), 64.2 (Cp(CIV)C≡C), 25.8 (CH3), 21.0 (CH3COOR); IR (cm
-1
): 2217.0 (C≡C, very 
weak), 1762.0 (C=O); Anal. Calc. (C24H18ClFeNO2): C, 64.97; H, 4.09; N, 3.16 Found: C, 64.90; H, 
4.06; N, 3.15. 
6.3.7 5-Chloro-7-(2’ethynylferrocene)-8-hydroxy-2-methylquinoline (3.7) 
8-Acetoxy-5-chloro-7-(2’-ethynylferrocene)-2-methylquinoline (3.6) (1.47 g, 3.30 mmol), 
triethylamine (120 mL) and water (10 mL) were heated at reflux (363 K) for 6 h. The solvent was 
removed in vacuo and the brown residue was dissolved in methylene chloride (50 mL) and washed 
with water (3 x 50 mL). The organic layer was dried (Na2SO4) and the solvent was removed in vacuo 
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to yield a red/brown solid. This was then purified by column chromatography (methylene chloride, 
Rf= 0.4) (1.18 g, 2.94 mmol, 89 %). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 8.33 (d, 1H, CH, 
3
JHH=8.6 Hz), 7.52 (s, 1H, CH), 7.38 (d, 1H, 
CH, 
3
JHH=8.6 Hz), 4.56 (t, 2H, Cp(CH)C≡C, 
3
JHH=1.4 Hz), 4.27 (s, 5H, Cp(CH)), 4.25 (t, 2H, 
Cp(CH)C≡C, 3JHH=1.4 Hz), 2.74 (s, 3H, CH3); 
13
C{
1
H} NMR (100 MHz, CDCl3) δ (ppm): 158.5 
(C
IV
), 152.3 (C
IV
), 138.1 (C
IV
), 133.6 (CH), 129.0 (CH), 124.3 (C
IV
), 123.8 (CH), 120.4 (C
IV
), 106.6 
(C
IV
), 95.2 (C≡C), 80.6 (C≡C), 71.9 (Cp(CH)), 70.4 (Cp(CH)C≡C), 69.2 (Cp(CH)C≡C), 65.1 
(Cp(C
IV
)C≡C), 25.1 (CH3); IR (cm
-1
): 3350.5 (O-H, broad), 2210 (C≡C); Anal. Calc. 
(C22H16ClFeNO): C, 65.78; H, 4.02; N, 3.49 Found: C, 65.66; H, 3.95; N, 3.42. 
Complex synthesis: 
6.3.8 Bis(2-phenyl-8-quinolinolato)ethyl aluminium (3.8) 
A solution of triethylaluminium (130 mg, 1.1 mmol) in toluene (5 mL) was added dropwise to a 
solution of 8-hydroxy-2-phenylquinoline (3.1) (0.50 g, 2.3 mmol) in toluene (20 mL), the solution 
was left to stir for 12 h after which time a precipitate had formed. The yellow precipitate was filtered 
and dried in vacuo to yield a yellow solid (0.40 g, 0.81 mmol, 71 %).  
1
H NMR (500 MHz, THF-d8) δ (ppm): 8.49 (d, 2H, CH, 
3
JHH=8.5 Hz), 8.26 (dt, 4H, CH, 
3
JHH=7.0 Hz, 
4
JHH=1.7 Hz), 7.75 (d, 2H, CH, 
3
JHH=8.5 Hz), 7.48 (t, 2H, CH, 
3
JHH=8.2 Hz), 7.40 (m, 6H, CH
(4H)
, 
CH
(2H)
), 7.24 (dd, 2H, CH, 
3
JHH=8.2 Hz, 
4
JHH=1.2 Hz), 7.04 (dd, 2H, CH, 
3
JHH=7.5 Hz, 
4
JHH=1.2 Hz), -
0.21 (t, 3H, CH2CH3, 
3
JHH=8.0 Hz), -1.08 (dq, 2H, CH2CH3, 
3
JHH=8.0 Hz, 
4
JHH=2.0 Hz); 
13
C {
1
H} 
NMR (100 MHz, THF-d8) δ (ppm): 159.4 (C
IV
), 158.6 (C
IV
), 141.5 (C
IV
), 140.5 (C
IV
), 140.2 (CH), 
131.2 (CH), 131.2 (CH), 130.8 (CH), 130.1 (CH), 129.4 (C
IV
), 129.2 (CH), 125.0 (CH), 114.5 (CH), 
113.9 (CH), 9.3 (CH3), 1.8 (CH2); Anal. Calc. (AlC32H25N2O2): C, 77.40; H, 5.07; N, 5.64 Found: C, 
77.48; H, 5.20; N, 5.68. 
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6.3.9 Bis(5-chloro-2-methyl-7-phenyl-8-quinolinolato)ethyl aluminium (3.9) 
Triethylaluminium (53 mg, 0.46 mmol) in toluene (5 mL) was added, dropwise with stirring, to a 
solution of 5-chloro-8-hydroxy-2-methyl-7-phenylquinoline (3.3) (250 mg, 0.93 mmol) in toluene (10 
mL). The reaction was stirred for 12 h, after which time the solvent was removed in vacuo. The 
resulting solid was washed with hexane, filtered, and dried in vacuo to yield a yellow powder (95 mg, 
0.16 mmol, 34 %). 
1
H NMR (400 MHz, benzene-d6) δ (ppm):   7.97 (d, 2H, CH, 
3
JHH=8.6 Hz), 7.74 (d, 2H, CH, 
3
JHH=8.6 
Hz), 7.63 (s, 2H, CH), 7.18-7.29 (m, 8H, CH), 6.56 (d, 2H, CH, 
3
JHH=8.6 Hz), 2.80 (s, 6H, CH3), 1.05 
(t, 3H, CH2CH3, 
3
JHH=8.13 Hz), 0.50-0.62, 0.30-0.43 (m, 2H, CH2CH3); 
13
C {
1
H} NMR (100 MHz, 
benzene-d6) δ (ppm): 157.6 (C
IV
), 153.95 (C
IV
), 141.1 (C
IV
), 138.5 (C
IV
), 135.7 (CH), 130.0 (CH), 
129.9 (CH), 127.8 (CH), 127.1 (CH), 125.4 (C
IV
), 124.4 (C
IV
), 124.1 (CH), 116.9 (C
IV
), 23.2 (CH3), 
9.9 (CH2CH3), 1.4 (CH2CH3); Anal. Calc. (C34H27AlCl2N2O2): C, 68.81; H, 4.59; N, 4.72 Found: C, 
68.60; H, 4.71; N, 4.82.
 
6.3.10 Bis(5-chloro-7-(2’ethynylferrocene)-2-methyl-8-quinolinolato)ethyl aluminium (3.10) 
Trienthylaluminium (42.6 mg, 0.37 mmol) in toluene (5 mL) was added, dropwise with stirring, to a 
solution of 5-chloro-7-(2’ethynylferrocene)-8-hydroxy-2-methylquinoline (3.7) (0.30 g, 0.70 mmol) 
in toluene (15 mL). The solution was left to stir at room temperature for 12 h. The solvent was 
removed in vacuo and the product was washed with hexane, filtered and dried in vacuo to yield an 
orange powder (0.20 g, 0.23 mmol, 63 %). 
1
H NMR (400 MHz, THF-d8) δ (ppm): 8.59 (d, 2H, CH, 
3
JHH=8.8 Hz), 7.79 (d, 2H, CH, 
3
JHH=8.8 Hz), 
7.57 (s, 2H, CH), 4.49 (t, 4H, (Cp(CH)C≡C), 3JHH=2.0 Hz), 4.27 (t, 4H, (Cp(CH)C≡C), 
3
JHH=2.0 Hz), 
4.19 (s, 10H, Cp(CH)), 3.34 (s, 6H, CH3), 0.67 (t, 3H, CH3, 
3
JHH=8.0 Hz), 0.11 (dq, 2H, CH2, 
3
JHH=8.0 
Hz, 
4
JHH=14.6 Hz); 
13
C{
1
H} NMR (100 MHz, toluene-d8) δ (ppm): 158.8 (C
IV
), 158.2 (C
IV
), 140.5 
(C
IV
), 135.8 (CH), 131.0 (CH), 124.7 (C
IV
), 124.6 (CH), 116.2 (C
IV
), 109.1 (C
IV), 93.7 (C≡C), 83.7 
(C≡C), 71.7 (Cp(CH)C≡C), 70.3 (Cp(CH)), 69.8 (Cp(CH)C≡C), 66.8 (Cp(CIV)C≡C), 23.3 (CH3), 9.9 
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(CH2CH3), 1.4 (CH2CH3); Anal. Calc. (AlC46H35Cl2Fe2N2O2): C, 64.44; H, 4.11; N, 3.27 Found: C, 
64.35; H, 4.05; N, 3.27. 
6.3.11 Bis(5,7-dichloro-2-methyl-8-quinolinolato)aluminium iso-propoxide (2.13-OiPr) 
A solution of aluminium isopropoxide (220 mg, 1.1 mmol) in toluene (10 mL) was heated at 383 K 
for 24 h. The activated solution was then added dropwise to a solution of 5,7-dichloro-8-hydroxy-2-
methylquinoline (2.3) (0.5 g, 2.2 mmol) in toluene (10 mL). The solution was left to stir at room 
temperature for 12 h. The solvent was removed in vacuo and the product was washed with hexane, 
filtered and dried in vacuo to yield a yellow powder (0.52 g, 0.96 mmol, 88 %). 
1
H NMR (400 MHz, toluene-d8) δ (ppm): 7.78 (d, 2H, CH, 
3
JHH=8.6 Hz), 7.31 (s, 2H, CH), 6.54 (d, 
2H, CH, 
3
JHH=8.6 Hz), 3.72 (sept, 1H, CH(CH3)2,
 3
JHH=6 Hz), 3.06 (s, 6H, CH3), 1.08 (d, 3H, 
CH(CH3), 
3
JHH=6 Hz), 0.94 (d, 3H, CH(CH3), 
3
JHH=6 Hz); 
13
C{
1
H} NMR (100 MHz, benzene-d6) δ 
(ppm): 159.3 (C
IV
), 152.4 (C
IV
), 139.9 (C
IV
), 136.1 (CH), 129.4 (CH), 124.5 (CH) 123.7 (C
IV
), 117.4 
(C
IV
), 116.9 (C
IV
), 63.7 (CH(CH3)2), 28.2  (CH(CH3)), 28.0 (CH(CH3)), 23.0 (CH3); Anal. Calc. 
(AlC23H19Cl4N2O3): C, 51.14; H, 3.55; N, 5.19 Found: C, 51.11; H, 3.46; N, 5.05. 
6.3.12 Bis(2-phenyl-8-quinolinolato)aluminium iso-propoxide (3.8-OiPr) 
A solution of bis(2-phenyl-8-quinolinolato)ethyl aluminium (3.8) (0.1 g, 0.2 mmol) and iso-propyl 
alcohol (0.3 M, 0.7 mL, 0.2 mmol) in toluene (5 mL) was heated at 343 K for 3 days. The solvent was 
removed in vacuo and the product was washed with hexane, filtered and dried in vacuo to yield a 
yellow powder (95 mg, 0.18 mmol, 90 %). 
1
H NMR (400 MHz, benzene-d6) δ (ppm): 8.39 (d, 4H, CH, 
3
JHH=7.4 Hz), 7.48 (d, 2H, CH, 
3
JHH=8.4 
Hz), 7.29 (m, 3H, CH), 7.19 (dd, 2H, CH, 
3
JHH=8.4 Hz, 
4
JHH=1.1 Hz), 7.06 (d, 2H, CH, 
3
JHH=8.4 Hz), 
6.84 (dd, 2H, CH, 
3
JHH=8.4 Hz, 
4
JHH=1.1 Hz), 3.19 (sept, 1H, CH(CH3)2,
3
JHH=6 Hz), 0.44 (d, 3H, 
CH(CH3), 
3
JHH=6 Hz), 0.28 (d, 3H, CH(CH3), 
3
JHH=6 Hz); 
13
C{
1
H} NMR (100 MHz, benzene-d6) δ 
(ppm): 158.0 (C
IV
), 157.9 (C
IV
), 140.4 (C
IV
), 139.9 (C
IV
), 139.0 (CH), 130.5 (CH), 129.9 (CH), 129.2 
(CH), 128.4 (CH), 124.2 (CH), 113.9 (CH), 113.3 (CH), 62.7 ((CH(CH3)2), 27.0 (CH(CH3)), 26.9 
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(CH(CH3)); Anal. Calc. (AlC33H27N2O3): C, 75.27; H, 5.17; N, 5.32 Found: C, 75.30; H, 5.17; N, 
5.08. 
6.3.13 (5,7-Dichloro-2-methyl-8-quinolinolato)ethyl zinc (3.11) 
Diethylzinc (0.27 g, 2.2 mmol) in toluene (5 mL) was added, dropwise with stirring, to a solution of 
5,7-dichloro-8-hydroxy-2-methylquinoline (2.3) (0.50 g, 2.2 mmol) in toluene (15 mL). The solution 
was stirred for 12 h, after which time a yellow precipitate had formed. The precipitate was isolated by 
filtration, washed with hexane and dried in vacuo to yield a yellow solid (0.55 g, 1.7 mmol, 78 %). 
1
H NMR (400 MHz, THF-d8) δ (ppm): 8.51 (d, 1H, 
3
JHH=8.6 Hz), 7.56 (d, 1H, 
3
JHH=8.6 Hz), 7.55 (s, 
1H), 2.84 (s, 3H), 1.31 (t, 3H, 
3
JHH=8.2 Hz), 0.43 (q, 2H, 
3
JHH=8.2 Hz); 
13
C{
1
H} NMR (125.26 MHz, 
THF-d8) δ (ppm): 160.0 (C
IV
), 157.6 (C
IV
), 141.4 (C
IV
), 137.3 (CH), 130.4 (CH), 125.4 (C
IV
), 123.9 
(CH), 118.2 (C
IV
), 112.0 (C
IV
), 24.7 (CH3), 13.3 (CH2CH3), -1.5 (CH2CH3); Anal. Calc. 
(ZnC12H11NOCl2): C, 44.83; H, 3.45; N, 4.36 Found: C, 44.88; H, 3.33; N, 4.28. 
6.3.14 (5-Chloro-7-iodo-2-methyl-8-quinolinolato)ethyl zinc (3.12) 
Diethylzinc (120 mg, 0.94 mmol) in toluene (5 mL) was added, dropwise with stirring, to a solution of 
5-chloro-7-iodo-8-hydroxy-2-methylquinoline (2.6) (0.30 g, 0.94 mmol) in toluene (10 mL). The 
solution was stirred for 12 h, after which time a yellow precipitate had formed. The precipitate was 
isolated by filtration, washed with hexane and dried in vacuo to yield a yellow solid (280 mg, 0.68 
mmol, 70 %). 
1
H NMR (400 MHz, THF-d8) δ (ppm): 8.50 (d, 1H, CH, 
3
JHH=8.6 Hz), 7.84 (s, 1H, CH), 7.59 (d, 1H, 
CH, 
3
JHH=8.6 Hz), 2.84 (s, 3H, CH3), 1.31 (t, 3H, CH3, 
3
JHH=8.2 Hz), 0.43 (q, 2H, CH2, 
3
JHH=8.2 Hz);
 
13
C{
1
H} NMR (125.26 MHz, THF-d8) δ (ppm): -1.3 (CH2CH3), 13.3 (CH2CH3), 24.8 (CH3), 81.9 
(C
IV
), 113.2 (C
IV
), 124.2 (CH), 126.4 (C
IV
), 137.5 (CH), 137.5 (CH), 138.8 (C
IV
), 157.7 (C
IV
), 163.7 
(C
IV
); Anal. Calc. (ZnC12H11ClINO): C, 34.90; H, 2.68; N, 3.39 Found: C, 34.84; H, 2.64; N, 3.31. 
 
173 
 
Chapter 6 
 
6.3.15 (5-Chloro-7-(2’ethynylferrocene)-2-methyl-8-quinolinolato)ethyl zinc (3.13) 
Diethylzinc (89 mg, 0.71 mmol) in toluene (5 mL) was added, dropwise with stirring, to a solution of 
5-chloro-7-(2’ethynylferrocene)-8-hydroxy-2-methylquinoline (3.7) (290 mg, 0.71 mmol) in toluene 
(15 mL). The solution was stirred at room temperature for 12 h, after which time an orange solid had 
formed. The precipitate was isolated by filtration, washed with hexane and dried in vacuo to yield an 
orange solid (210 mg, 0.43 mmol, 60 %). 
1
H NMR (400 MHz, THF-d8) δ (ppm): 8.48 (d, 1H, CH, 
3
JHH=8.6 Hz), 7.54 (d, 1H, CH, 
3
JHH=8.6 Hz), 
7.49 (s, 1H, CH), 4.50 (t, 2H, (Cp(CH)C≡C), 3JHH=1.6 Hz), 4.24 (s, 5H, (Cp(CH)), 4.21 (t, 2H, 
(Cp(CH)C≡C), 3JHH=1.6 Hz), 2.83 (s, 3H, CH3), 1.33 (t, 3H, CH2CH3, 
3
JHH=8.1 Hz), 0.44 (q, 2H, 
CH2CH3, 
3
JHH=8.1 Hz);
 13
C{
1
H} NMR (125.26 MHz, THF-d8) δ (ppm): 165.5 (C
IV
), 157.2 (C
IV
), 
141.5 (C
IV
), 137.1 (CH), 132.5 (CH), 126.2 (C
IV
), 124.0 (CH), 112.1 (C
IV
), 109.9 (C
IV
), 93.2 (C≡C), 
85.2 (C≡C), 72.2 (Cp(CH)C≡C), 70.9 (Cp(CH)), 69.4 (Cp(CH)C≡C),  68.1 (Cp(CIV)C≡C), 24.8 
(CH3), 13.6 (CH2CH3), -1.3 (CH2CH3); Anal. Calc. (ZnC24H20ClFeNO): C, 58.22; H, 4.07; N, 2.83 
Found: C, 58.33; H, 4.12; N, 2.91. 
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6.4 Chapter 4 Experimental Section 
Compounds 4.1-4.9 were initially synthesised and fully characterised by Dr. Thi-Phuong-Anh Cao 
under the supervision of Dr. Audrey Auffrant at École Polytechnique, Paris. During the course of the 
project it was necessary to resynthesize some of the pro-ligands and complexes. For this purpose, a 
general procedure for the synthesis of the pro-ligands is described. A general procedure for the 
synthesis of compounds 4.1-4.9 is also described, along with the characterisation data. 
Pro-ligand synthesis: 
6.4.1 2-Bromo-4,6-di-tert-butylphenol
91
 
At 195 K, N-bromosuccinimide (18 g, 100 mmol) was added into a solution of 2,4-di-tert-butylphenol 
(20 g, 97 mmol) in acetonitrile (300 mL). Stirring was continued at 298 K for 16 h, giving an orange 
solution. A saturated aqueous solution of sodium bisulfide (10 mL) was added and induced the 
precipitation of a white solid. After filtration of this precipitate, the mixture was extracted with 
petroleum ether (4 x 70 mL). The combined organic layers were dried (Na2SO4) and the solvent was 
evaporated, giving the product as a yellow solid (25 g, 87 mmol, 90 %). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 7.31 (d, 
4
JH,H = 2.5 Hz, 1H, tBu-C
IV
-CH-C
IV
-tBu), 7.23 (d, 
4
JH,H 
= 2.5 Hz, 1H, tBu-C
IV
-CH-CBr), 5.65 (s, 1H, OH), 1.40 (s, 9H, C
IV
(CH3)3), 1.28 (s, 9H, C
IV
(CH3)3); 
Anal. Calc. (C14H21BrO): C, 58.95; H, 7.42 Found: C, 58.95; H, 7.41. 
6.4.2 2,4-Di-tert-butyl-6-phosphinophenol
92
 
n-Butyllithium (1.6 M in hexanes, 108 mL, 173 mmol) was added into a solution of 2-bromo-4,6-di-
tert-butylphenol (23.0 g, 80.6 mmol) in diethyl ether (170 mL) at 195 K, giving immediately a white 
suspension. The cold bath was removed and stirring was continued 298 K for 30 mins, giving a pale 
yellow solution. Chlorodiphenylphosphine (14.5 mL, 80.6 mmol) was added into this solution at 195 
K. After stirring for 16 h, a white suspension was formed. The mixture was extracted twice with 
aqueous solutions of NaH2PO4 (0.1 M, 2 x 100 mL) and the organic layer was filtered to remove 
inorganic salts. Methanol (30 mL) was added and the solution was reduce in vacuo until the volume 
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of the remaining solvent was about 30 mL. A white solid precipitated from the green solution. This 
solid was separated by filtration, washed with methanol (2 x 5 mL) and dried in vacuo (28 g, 72 
mmol, 90 %). 
1
H NMR (400 MHz, CDCl3) δ (ppm): 7.30-7.36 (m, 11H, CH(PPh2) + CH), 6.88 (dd, 
4
JH,H = 1.5 Hz, 
3
JP,H = 5.5 Hz, 1H, CH), 6.66 (d, 
4
JP,H = 10.0 Hz, 1H, OH), 1.41 (s, 9H, Ca-C(CH3)3), 1.15 (s, 9H, Cc-
C(CH3)3); 
31
P{
1
H} NMR (121.5 MHz, CDCl3) δ (ppm): -30.8 (s, P); 
13
C{
1
H} NMR (75 MHz, CDCl3) 
δ (ppm): 156.3 (d, 2JP,C = 19.2 Hz, OC
IV
), 142.5 (d, 
3
JP,C = 3.0 Hz, Cc
IV
), 135.6 (d, 
1
JP,C = 3.0 Hz, 
C
IV
(PPh2)), 135.5 (d, 
3
JP,C = 1.0 Hz, C
IV
), 133.6 (d, 
2/3
JP,C = 18.5 Hz, o- or m-CH(PPh2)), 129.5 (d, 
2
JP,C 
= 3.5 Hz, CH), 129.1 (s, p-CH(PPh2)), 128.8 (d, 
2/3
JP,C = 7.5 Hz, o- or m-CH(PPh2)), 126.6 (s, CH), 
120.1 (s, C
IV
-PPh2), 35.4 (d, 
4
JP,C = 2.0 Hz, C-C(CH3)3), 34.7 (s, C-C(CH3)3), 31.7 (s, C-C(CH3)3), 
29.2 (s, C-C(CH3)3); Anal. Calc. (C26H31PO): C, 79.96; H, 8.00 Found: C, 79.89; H, 8.03. 
6.4.3 General procedure for the synthesis of proligands  
At 195 K, bromine (200 µL, 3.88 mmol) was added dropwise to a solution of 2,4-di-tert-butyl-6-
phosphinophenol (1.52 g, 3.88 mmol) in methylene chloride (45 mL). The cold bath was removed and 
stirring was continued for 1 h at 298 K. Then the solution was cooled to 195 K. 1,4-
Diazabicyclo[2.2.2]octane (DABCO) (218 mg, 1.94 mmol) was added, followed by the diimine 
(ethylene diimine 129 µL, 1.94 mmol). The cold bath was removed. After 16 h a white slurry had 
formed. The methylene chloride was evaporated and THF (50 mL) was added. The insoluble 
diazabicyclo[2.2.2]octane salt was removed by centrifugation and the THF was removed in vacuo. 
The white solid was washed with diethyl ether (7 mL) and dried in vacuo. 
6.4.4 Alternative procedure for the synthesis of proligands 
At 195 K, bromine (200 µL, 3.88 mmol) was added dropwise to a solution of the phenolphosphine 
(1.52 g, 3.88 mmol) in methylene chloride (45 mL). The cold bath was removed and stirring was 
continued for 2 h at 298 K. Then the solution was cooled to 298 K. Tributylamine (463 μL, 1.94 
mmol) was added, followed by diethylenetriamine (210 μL, 1.94 mmol). The cold bath was removed, 
and after 16 h a white slurry had formed. The methylene chloride was evaporated and the residue was 
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washed with THF (5 x 10 mL) to remove the tributylammonium salt. The product was isolated as a 
white solid and dried in vacuo. 
Complex synthesis: 
6.4.5 General procedure for the synthesis of the yttrium complexes 4.1 – 4.7 
Potassium bis(trimethylsilyl)amide (240 mg, 1.2 mmol) was added into a slurry of the phosphasalen 
proligands LX (0.30 mmol) in THF (20 mL). After 4 h, a cloudy solution was yielded. The 
completion of the deprotonation reaction was verified by 
31
P{
1
H} NMR spectroscopy. The insoluble 
potassium salt was removed by centrifugation, and [YCl3(THF)3.5] (134 mg, 0.30 mmol) was added. 
After 4 h of stirring at 298 K, potassium tert-butoxide (34 mg, 0.30 mmol) was added into the 
mixture, giving a cloudy solution. Stirring was continued for 7 h and the solid was removed by 
centrifugation. The solvent was evaporated in vacuo and the residue was crystallised in cyclohexane 
(5 mL), giving 4.1 – 4.7 as colourless crystals or solids. 
6.4.6 Compound 4.1 
L1 (316 mg, 0.30 mmol); 
31
P{
1
H} NMR spectrum after deprotonation δ=18 ppm, after the addition of 
[YCl3(THF)3.5]  δ = 22.6 ppm, 27.5 ppm (equal intensities); (265 mg, 2.4 mmol, 79 %).  
1
H NMR (300 MHz, THF-d8) δ (ppm): 7.89 (ddd, 
3
JP,H=10.6 Hz, 
3
JH,H=7.5 Hz, 
4
JH,H=1.0 Hz, 2H, o-
CH(PPh2)), 7.75 (ddd, 
3
JP,H=12.3 Hz, 
3
JH,H=7.5 Hz, 
4
JH,H=1.0 Hz, 2H, o-CH(PPh2)), 7.62 (ddd, 
3
JP,H=11.2 Hz, 
3
JH,H=7.5 Hz, 
4
JH,H=1.0 Hz, 2H, o-CH(PPh2)), 7.56 (ddd, 
3
JP,H=11.0 Hz, 
3
JH,H=7.5 Hz, 
4
JH,H=1.0 Hz, 2H, o-CH(PPh2)), 7.51-7.42 (m, 5H, p-CH(PPh2) + m-CH(PPh2)),  7.38 (m, 2H,  m-
CH(PPh2)),  7.32 (m, 2H,  m-CH(PPh2)), 7.27 (d, 
4
JH,H=2.0 Hz, 1H, CbH), 7.21 (d, 
4
JH,H=2.0 Hz, 1H, 
CbH), 7.17 (m, 1H,  p-CH(PPh2)), 6.84 (dd, 
4
JH,H=2.0 Hz, 
3
JP,H=16.0 Hz, 1H, CdH), 6.82 (m, 2H,  m-
CH(PPh2)), 6.47 (dd, 
4
JH,H=2.0 Hz, 
3
JP,H=16.0 Hz, 1H, CdH), 4.62 (m, 1H,  N-CH-CH-N), 2.97 (m,
 
4
JP,H = 3.0 Hz, 1H,  N-CH-CH-N), 1.57 (m, 2H, CH2(cyclohexane)), 1.31 (s, 9H, Cc,a
IV
- C
IV
(CH3)3), 
1.12 (m, 2H, CH2(cyclohexane)), 1.12 (s, b, 9H, O-C
IV
(CH3)3), 1.10 (s, 9H, Cc,a
IV
- C
IV
(CH3)3), 1.09 (s, 
9H, Cc,a
IV
-C
IV
(CH3)3), 0.96 (s, 9H, Cc,a
IV
-C
IV
(CH3)3), 0.82 (m, 2H, CH2(cyclohexane)), 0.66 (m, 1H, 
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CH2(cyclohexane)), 0.48 (m, 1H, CH2(cyclohexane));
 31
P{
1
H} NMR (121.5 Hz, THF-d8) δ (ppm): 
27.6 (s, P), 20.8 (s, P); 
13
C{
1
H} NMR (75 MHz, THF-d8) δ (ppm): 169.1 (m, C
IV
-O), 168.7 (m, C
IV
-
O), 140.1 (d, 
3
JP,C=8.0 Hz, Cc
IV
), 139.5 (d, 
3
JP,C=8.0 Hz, Cc
IV
),137.3 (d, 
1
JP,C=83.2 Hz, C
IV
(PPh2)), 
137.1 (d, 
1
JP,C=85.5 Hz, C
IV
(PPh2)), 134.9 (d, 
3
JP,C=13.5 Hz, Ca
IV
), 135.2 (d, 
2/3
JP,C=9.0 Hz, m- or o-
CH(PPh2)), 134.4 (d, 
2/3
JP,C=9.0 Hz, m- or o-CH(PPh2)), 134.0 (d, 
2/3
JP,C=8.2 Hz, m- or o-CH(PPh2)); 
133.9 (d, 
2/3
JP,C=8.2 Hz, m- or o-CH(PPh2)), 133.8 (d, 
3
JP,C=14.3 Hz, Ca
IV
), 132.4 (d, 
1
JP,C=86.2 Hz, 
C
IV
(PPh2)), 132.1 (d, 
4
JP,C=2.1 Hz, p-CH(PPh2)), 132.0 (d, 
4
JP,C=2.2 Hz, p-CH(PPh2)), 131.9 (d, 
4
JP,C=2.2 Hz, p-CH(PPh2)), 131.8 (d, 
1
JP,C=87.0 Hz, C
IV
(PPh2)),129.2 (d, 
2/3
JP,C= 11.2 Hz, m- or o-
CH(PPh2)), 129.1 (d, 
2/3
JP,C=11.2 Hz, m- or o-CH(PPh2)), 128.9 (d, 
2/3
JP,C=11.2 Hz, m- or o-
CH(PPh2)), 128.8 (d, 
2
JP,C=11.8 Hz, CdH), 128.6 (s, CbH), 128.3 (s, CbH), 127.6 (d, 
2
JP,C=13.5 Hz, 
CdH), 116.0 (d, 
1
JP,C=118.4 Hz, C
IV
(PPh2)), 113.2 (d, 
1
JP,C=118.4 Hz, C
IV
(PPh2)), 61.3 (br s, N-CH-
CH-N), 54.0 (s, CH2(cyclohexane ring)), 49.0 (s, CH2(cyclohexane ring)), 36.1 (s, C
IV
(CH3)3), 35.9 (s, 
C
IV
(CH3)3), 34.9 (s, C
IV
(CH3)3), 34.6 (s, C
IV
(CH3)3), 32.2 (s, C
IV
(CH3)3), 32.0 (s, C
IV
(CH3)3), 30.2 (s, 
C
IV
(CH3)3); Anal. Calc. (C66H87N2O4P2Y): C, 70.57; H, 7.81; N, 2.49. Found: C, 70.66; H, 7.65; N, 
2.59. 
6.4.7 Compound 4.2  
L2 (316 mg, 0.30 mmol); 
31
P{
1
H} NMR spectrum after deprotonation δ=18 ppm, after addition of 
[YCl3(THF)3.5] δ=22.6 ppm, 27.5 ppm (equal intensities); (293 mg, 0.26 mmol, 87 %). 
1
H NMR (300 MHz, THF-d8) δ (ppm): 7.89 (ddd, 
3
JP,H=10.6 Hz, 
3
JH,H=7.5 Hz, 
4
JH,H=1.0 Hz, 2H, o-
CH(PPh2)), 7.75 (ddd, 
3
JP,H=12.3 Hz, 
3
JH,H=7.5 Hz, 
4
JH,H=1.0 Hz, 2H, o-CH(PPh2)), 7.62 (ddd, 
3
JP,H 
=11.2 Hz, 
3
JH,H=7.5 Hz, 
4
JH,H=1.0 Hz, 2H, o-CH(PPh2)), 7.56 (ddd, 
3
JP,H=11.0 Hz, 
3
JH,H=7.5 Hz, 
4
JH,H=1.0 Hz, 2H, o-CH(PPh2)), 7.51-7.42 (m, 5H, p-CH(PPh2) + m-CH(PPh2)), 7.38 (m, 2H,  m-
CH(PPh2)), 7.32 (m, 2H,  m-CH(PPh2)), 7.27 (d, 
4
JH,H=2.0 Hz, 1H, CbH), 7.21 (d, 
4
JH,H=2.0 Hz, 1H, 
CbH), 7.17 (m, 1H,  p-CH(PPh2)), 6.84 (dd, 
4
JH,H=2.0 Hz, 
3
JP,H=16.0 Hz, 1H, CdH), 6.82 (m, 2H,  m-
CH(PPh2)), 6.47 (dd, 
4
JH,H=2.0 Hz, 
3
JP,H=16.0 Hz, 1H, CdH), 4.62 (m, 1H,  N-CH-CH-N), 2.97 (m, 
1H, N-CH-CH-N), 1.57 (m, 2H, CH2(cyclohexane)), 1.31 (s, 9H, Cc,a
IV
-C
IV
(CH3)3), 1.12 (m, 2H, 
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CH2(cyclohexane)), 1.12 (s, b, 9H, O-C
IV
(CH3)3), 1.10 (s, 9H, Cc,a
IV
-C
IV
(CH3)3), 1.09 (s, 9H, Cc,a
IV
- 
C
IV
(CH3)3), 0.96 (s, 9H, Cc,a
IV
-C
IV
(CH3)3), 0.82 (m, 2H, CH2(cyclohexane)), 0.66 (m, 1H, 
CH2(cyclohexane)), 0.48 (m, 1H, CH2(cyclohexane));
 31
P{
1
H} NMR (121.5 MHz, THF-d8) δ (ppm): 
27.6 (s, P), 20.8 (s, P); 
13
C{
1
H} NMR (75 MHz, THF-d8) δ (ppm): 169.1 (m, C
IV
-O), 140.1 (d, 
3
JP,C=8.0 Hz, Cc
IV
), 134.0 (d, 
2/3
JP,C=8.2 Hz, m- or o-CH(PPh2)); 133.9 (d, 
2/3
JP,C=8.2 Hz, m- or o-
CH(PPh2)), 133.8 (d, 
3
JP,C=14.3 Hz, Ca
IV
), 132.4 (d, 
1
JP,C=86.2 Hz, C
IV
(PPh2)), 132.0 (d, 
4
JP,C=2.2 Hz, 
p-CH(PPh2)), 131.9 (d, 
4
JP,C=2.2 Hz, p-CH(PPh2)), 131.8 (d, 
1
JP,C=87.0 Hz, C
IV
(PPh2)),129.2 (d, 
2/3
JP,C=11.2 Hz, m- or o-CH(PPh2)), 129.1 (d, 
2/3
JP,C=11.2 Hz, m- or o-CH(PPh2)), 128.6 (s, CbH), 
127.6 (d, 
2
JP,C=13.5 Hz, CdH), 113.2 (d, 
1
JP,C=118.4 Hz, C
IV
(PPh2)), 61.3 (br s, N-CH-CH-N), 54.0 (s, 
CH2(cyclohexane ring)), 49.0 (s, CH2(cyclohexane ring)), 34.9 (s, C
IV
(CH3)3), 34.6 (s, C
IV
(CH3)3), 
32.2 (s, C
IV
(CH3)3), 32.0 (s, C
IV
(CH3)3), 30.2 (s, C
IV
(CH3)3); Anal. Calc. (C66H87N2O4P2Y): C, 70.57; 
H, 7.81; N, 2.49. Found: C, 70.47; H, 7.97; N, 2.53. 
6.4.8 Compound 4.3 
L3 (304 mg, 0.30 mmol); 
31
P{
1
H} NMR spectrum after the deprotonation δ=23.8 ppm, after the 
addition of [YCl3(THF)3.5] δ=36.9 ppm; (240 mg, 0.22 mmol, 74 %). 
1
H NMR (300 MHz, THF-d8) δ (ppm): 7.63 (dd, 
3
JH,H=7.0 Hz, 
3
JP,H=10.5 Hz, 4H, o-CH(PPh2)), 7.50 
(dd, 
3
JH,H=7.0 Hz, 
3
JP,H=10.5 Hz, 4H, o-CH(PPh2)), 7.48 (m, 2H, p-CH(PPh2)), 7.41 (m, 4H, m-
CH(PPh2)), 7.40 (m, 2H, p-CH(PPh2)), 7.32 (m, 4H, m-CH(PPh2)), 7.29 (d, 
4
JH,H=2.5 Hz, 2H, CbH), 
6.37 (dd,
 4
JH,H=2.5 Hz, 
3
JP,H =15.5 Hz, 2H, CdH), 3.51 (m, 2H, N-CH2-CH2-CH2-N), 3.16 (m, 2H, N-
CH2-CH2-CH2-N), 1.90 (m, 1H, N-CH2-CH2-CH2-N), 1.63 (m, 1H, N-CH2-CH2-CH2-N), 1.42 (s, 18H, 
C(CH3)3), 1.09 (s, 18H, C(CH3)3), 0.86 (s, 9H, O-C(CH3)3);
 31
P{
1
H} NMR (121.5 MHz, THF-d8) δ 
(ppm): 33.8 (s, P); 
13
C{
1
H} NMR (75 MHz, THF-d8) δ (ppm): 169.3 (d, 
3
JP,C=1.5 Hz, C
IV
-O), 139.0 
(d, 
3
JP,C=8.0 Hz, Cc,a
IV
 ), 134.3 (d, 
2/3
JP,C=9.0 Hz, m- or o-CH(PPh2)), 134.1 (d, 
2/3
JP,C=9.0 Hz, m- or o-
CH(PPh2), 133.9 (d, 
3
JP,C=10.5 Hz, Cc,a
IV
 ), 132.6 (d, 
1
JP,C=87.8 Hz, C
IV
-PPh2), 131.9 (d,
 4
JP,C=1.0 Hz, 
p-CH(PPh2)), 131.8 (d,
4
JP,C=1.0 Hz, p-CH(PPh2)), 128.9 (d, 
2/3
JP,C=11.5 Hz, m- or o-CH(PPh2)), 128.4 
(s, CbH), 128.1 (d, 
2
JP,C=14.0 Hz, CdH),  113.3 (d, 
1
JP,C=121.0 Hz, C
IV
(PPh2)), 69.8 (s, O-C
IV
(CH3)3), 
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47.1 (d, 
2
JP,C=7.0 Hz, N-CH2-CH2-CH2-N), 36.4 (t, 
3
JP,C=9.0 Hz, N-CH2-CH2-CH2-N), 34.6 (s, O-
C
IV
(CH3)3), 31.9 (s, Cc,a
IV
-C
IV
(CH3)3), 31.7 (s, Cc,a
IV
-C
IV
(CH3)3), 31.4 (s, Cc,a
IV
-C
IV
(CH3)3),  30.4 (s, 
Cc,a
IV
-C
IV
(CH3)3); Anal. Calc. (C63H83N2O4P2Y): C, 69.86; H, 7.72; N, 2.59. Found: C, 69.72; H, 7.66; 
N, 2.67. 
6.4.9 Compound 4.4  
L4 (312 mg, 0.30 mmol); 
31
P{
1
H} NMR spectrum after the deprotonation δ=22.3 ppm, after the 
addition of [YCl3(THF)3.5]  δ=36.5 ppm; (295 mg, 0.26 mmol, 88 %). 
1
H NMR (300 MHz, THF-d8) δ (ppm): 7.70 (ddd, 
4
JH,H=1.5 Hz, 
3
JH,H=8.0 Hz, 
3
JP,H=10.5 Hz, 4H, o-
CH(PPh2)), 7.49 (ddd, 
4
JH,H=1.5 Hz, 
3
JH,H=8.0 Hz, 
3
JP,H=10.5 Hz, 4H, o-CH(PPh2)), 7.42(m, 4H, m-
CH(PPh2)), 7.34 (m, 4H, m-CH(PPh2)), 7.29 (d,  
4
JH,H=2.0 Hz, 2H, CbH), 7.15 (m, 2H, p-CH(PPh2)), 
7.07 (m,  2H, p-CH(PPh2)), 6.43 (dd,
 4
JH,H=2.0 Hz, 
3
JP,H=15.5 Hz, 2H, CdH), 3.39 (d, 
3
JP,H=12.5 Hz, 
1H, N-CH2), 3.34 (d, 
3
JP,H=12.5 Hz, 1H, N-CH2), 2.85 (d, 
3
JP,H=12.0 Hz, 1H, N-CH2), 2.79 (d, 
3
JP,H= 
12.5 Hz, 1H, N-CH2), 1.36 (s, 18H, Cc,a
IV
-C
IV
(CH3)3), 1.02 (s, 18H, Cc,a
IV
-C
IV
(CH3)3), 0.80 (s, 9H, O-
C
IV
(CH3)3), 0.62 (s, 3H, N-CH2-C
IV
(CH3)2), 0.50 (s, 3H, N-CH2-C
IV
(CH3)2); 
31
P{
1
H} NMR (121.5 
MHz, THF-d8) δ (ppm): 33.4 (s, P); 
13
C{
1
H} NMR (75 MHz, THF-d8) δ (ppm): 169.8 (m, C
IV
-O), 
137.9 (d, 
3
JP,C=7.7 Hz, Cc,a
IV
 ), 133.8 (d, 
2/3
JP,C=8.5 Hz, m- or o-CH(PPh2)), 133.6 (d, 
2/3
JP,C=8.5 Hz, m- 
or o-CH(PPh2)), 132.8 (d, 
1
JP,C=97.0 Hz, C
IV
(PPh2)), 131.7 (d, 
1
JP,C=87.4 Hz, C
IV
(PPh2)), 130.9 (s, p-
CH(PPh2)), 130.8 (s, p-CH(PPh2)),  127.9 (d, 
2/3
JP,C=11.0 Hz, m- or o-CH(PPh2)), 128.8 (d, 
2/3
JP,C=11.0 
Hz, m- or o-CH(PPh2)), 127.5 (s, CbH), 127.5 (d, 
2
JP,C=12.5 Hz, CdH), 112.4 (d, 
1
JP,C=121.0 Hz, C
IV
-
PPh2), 69.2 (s, O-C
IV
(CH3)3), 58.1 (d, 
2
JP,C=7.5 Hz, N-CH2), 38.1 (t, 
3
JP,C=12.5 Hz, N-CH2-C
IV
-CH2-
N), 35.1 (s, Cc,a
IV
-C
IV
(CH3)3), 33.7 (s, O-C
IV
(CH3)), 33.5 (s, Cc,a
IV
-C
IV
(CH3)3), 31.0 (s, Cc,a
IV
-
C
IV
(CH3)3), 29.6 (s, Cc,a
IV
-C
IV
(CH3)3), 26.1 (s, C
IV
(CH3)2), 25.2 (s, N-CH2-C
IV
(CH3)2); Anal. Calc. 
(C65H86N2O4P2Y): C, 70.32; H, 7.81; N, 2.52. Found: C, 70.40; H, 7.74; N, 2.61. 
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6.4.10 Compound 4.5  
L4 (312 mg, 0.30 mmol), KOEt (25.2 mg, 0.3 mmol) was used instead of KO
t
Bu; 
31
P{
1
H}NMR 
spectrum after deprotonation δ=22.3 ppm, after addition of [YCl3(THF)3.5]  δ=36.5 ppm; (265 mg, 
0.25 mmol, 81 %). 
1
H NMR (300 MHz, THF-d8) δ (ppm): 7.75 (ddd, 
4
JH,H=1.5 Hz, 
3
JH,H=7.0 Hz, 
3
JP,H=11.5 Hz, 4H, o-
CH(PPh2)), 7.58 (ddd, 
4
JH,H=1.5 Hz, 
3
JH,H=7.0 Hz, 
3
JP,H=11.5 Hz, 4H, o-CH(PPh2)), 7.45 (m, 8H, m-
CH(PPh2) + p-CH(PPh2)), 7.35 (d,  
4
JH,H=2.0 Hz, 2H, CbH), 7.33 (vtd, 
4
JP,H=2.5 Hz, 
3
JH,H= 
3J’H,H=7.0 
Hz,  4H, m-CH(PPh2)), 6.77 (dd,
 4
JH,H=2.0 Hz, 
3
JP,H=15.0 Hz, 2H, CdH), 4.03 (m, 
3
JH,H=6.0 Hz, 1H, O-
CH2-CH3), 4.01 (t, 
3
JH,H=6.0 Hz, 1H, O-CH2-CH3), 3.69 (d, 
3
JP,H= 15.0 Hz, 1H, N-CH2), 3.64 (d, 
3
JP,H=15.0 Hz, 1H, N-CH2), 2.68 (d, 
3
JP,H=12.5 Hz, 1H, N-CH2), 2.61 (d, 
3
JP,H=12.5 Hz, 1H, N-CH2), 
1.29 (s, 18H, Cc,a
IV
- C
IV
(CH3)3), 1.19 (s, 18H, Cc,a
IV
-C
IV
(CH3)3), 0.90 (m, 3H, O-CH2-CH3), 0.46 (s, 
3H, N-CH2-C
IV
(CH3)2), 0.44 (s, 3H, N-CH2-C
IV
(CH3)2); 
31
P{
1
H} NMR (121.5 MHz, THF-d8) δ 
(ppm): 33.4 (s); 
13
C{
1
H} NMR (75 MHz, THF-d8) δ (ppm): 169.1 (m, C
IV
-O), 139.0 (d, 
3
JP,C=7.5 Hz, 
Cc,a
IV
 ), 134.8 (d, 
2/3
JP,C=9.0 Hz, m- or o-CH(PPh2)), 134.3 (d, 
2/3
JP,C=9.0 Hz, m- or o-CH(PPh2)), 134.0 
(d, 
3
JP,C=14.5 Hz, Cc,a
IV
), 133.1 (d, 
1
JP,C=88.5 Hz, C
IV
(PPh2)), 131.7 (d, 
1
JP,C=90.5 Hz, C
IV
(PPh2)), 
131.7 (s, p-CH(PPh2)+ CbH), 127.9 (d, 
2
JP,C=13.0 Hz, CdH), 114.4 (d, 
1
JP,C=120.0 Hz, C
IV
-PPh2), 61.6 
(s, O-CH2-CH3), 58.2 (d, 
2
JP,C=7.5 Hz, N-CH2), 37.5 (t, 
3
JP,C=12.5 Hz, N-CH2-C
IV
-CH2-N), 34.9 (s, 
Cc,a
IV
-C
IV
(CH3)3), 33.5 (s, Cc,a
IV
-C
IV
(CH3)3), 31.3 (s, O-CH2-CH3),  30.9 (s, Cc,a
IV
-C
IV
(CH3)3), 29.3 (s, 
Cc,a
IV
-C
IV
(CH3)3), 26.2 (s, C
IV
(CH3)2), 22.3 (s, N-CH2-C
IV
(CH3)2); Anal. Calc. (C63H82N2O4P2Y): C, 
69.92; H, 7.64; N, 2.59. Found: C, 69.96; H, 7.66; N, 2.65. 
6.4.11 Compound 4.6 
L5 (314 mg, 0.30 mmol); 
31
P{
1
H} NMR spectrum after deprotonation δ=13.2 ppm, after addition of 
[YCl3(THF)3.5]  δ=27.3 ppm; (290 mg, 0.26 mmol, 87 %). 
1
H NMR (300 MHz, THF-d8) δ (ppm): 7.71 (ddd, 
4
JH,H=1.5 Hz, 
3
JH,H=8.0 Hz, 
3
JP,H=12.0 Hz, 4H, o-
CH(PPh2)), 7.58 (ddd, 
4
JH,H=1.5 Hz, 
3
JH,H=8.0 Hz, 
3
JP,H=12.0 Hz, 4H, o-CH(PPh2)), 7.58 (m, 2H, p-
CH(PPh2)),  7.51 (m, 4H, m-CH(PPh2)), 7.45 (m, 2H, p-CH(PPh2)), 7.31 (d, 
4
JH,H=3.0 Hz, 2H, CbH), 
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7.30 (m,  4H, m-CH(PPh2)), 6.37 (dd, 
4
JH,H=3.0 Hz, 
3
JP,H = 15.5 Hz, 2H, CdH), 6.27 (ddd, 
3
JH,H=6.0 
Hz, 
4
JH,H=3.5 Hz, 
4
JP,H=3.0 Hz, 2H, CH), 6.01 (dd, 
3
JH,H=6.0 Hz, 
4
JH,H=3.5 Hz, 2H, CH), 1.27 (s, 18H, 
Cc,a
IV
-C
IV
(CH3)3), 1.04 (s, 18H, Cc,a
IV
-C
IV
(CH3)3), 0.56 (bs, 9H, O-C
IV
(CH3)3);
 31
P{
1
H} NMR (121.5 
MHz, THF-d8) δ (ppm): 24.9 (s, P); 
13
C{
1
H} NMR (75 MHz, THF-d8) δ (ppm): 170.1 (br s, C
IV
-O), 
144.8 (dd, 
2
JP,C=19.0 Hz, 
3
JP,C=4.0 Hz, C
IV
-N), 139.0 (d, 
3
JP,C=7.5 Hz, Cc,a
IV
 ), 134.4 (d, 
3
JP,C=16.0 Hz, 
Cc,a
IV
), 134.0 (d, 
2/3
JP,C=10.0 Hz, m- or o-CH(PPh2)), 132.3 (s, p-CH(PPh2)), 132.0 (s, p-CH(PPh2)), 
132.0 (d, 
1
JP,C=88.5 Hz, C
IV
(PPh2)), 131.1 (d, 
1
JP,C=87.0 Hz, C
IV
(PPh2)), 129.3 (d, 
2/3
JP,C=11.5 Hz, m- 
or o-CH(PPh2)), 128.8 (s, CbH), 128.7 (d, 
2/3
JP,C=11.5 Hz, m- or o-CH(PPh2)), 128.4 (d, 
2
JP,C=14.0 Hz, 
CdH), 122.2 (d, 
3
JP,C=10.0 Hz, CeH), 118.3 (s, CfH), 114.8 (d, 
1
JP,C=124.0 Hz, C
IV
-PPh2), 35.7 (s, 
Cc,a
IV
-C
IV
(CH3)3), 34.3 (s, Cc,a
IV
-C
IV
(CH3)3), 33.9 (b, O-C
IV
(CH3)3), 31.8 (s, (b, O-C
IV
(CH3)3), 31.7 (s, 
Cc,a
IV
-C
IV
(CH3)3), 30.3 (s, Cc,a
IV
-C
IV
(CH3)3); Anal. Calc. (C66H80N2O4P2Y): C, 71.02; H, 7.22; N, 2.51. 
Found: C, 70.85; H, 7.43; N, 2.55. 
6.4.12 Compound 4.7  
L6 (295 mg, 0.30 mmol). The 
31
P{
1
H} NMR spectrum after deprotonation δ = 20.3 ppm; (250 mg, 
0.26 mmol, 88 %). 
1
H NMR (300 MHz, THF-d8) δ (ppm): 7.63 (dd, 
3
JP,H=11.5 Hz, 
3
JH,H=7.0 Hz, 4H, o-CH(PPh2)), 7.54 
(m, 2H, p-CH(PPh2)), 7.48 (m, 5H, p-CH(PPh2) + m-CH(PPh2)), 7.40 (dd, 
3
JP,H=11.5 Hz, 
3
JH,H=7.0 
Hz, 4H, o-CH(PPh2)), 7.39 (m, 1H, m-CH(PPh2)), 6.92 (d, 
4
JH,H=3.0 Hz, 2H, CbH), 5.94 (dd, 
3
JP,H=15.5 Hz, 
4
JH,H=3.0 Hz, 2H, CdH), 3.35 (s, 6H, -OCH3), 3.31 (m, 2H, N-CH2-CH2-N), 3.18 (bm, 
2H, N-CH2-CH2-N), 1.39 (s, 18H, Ca
IV
-C
IV
(CH3)3), 0.84 (bs, 9H, O-C
IV
(CH3)3);
 31
P{
1
H} NMR (121.5 
MHz, THF-d8) δ (ppm): 31.6 (s, P); 
13
C{
1
H} NMR (75 MHz, THF-d8) δ (ppm): 168.8 (br s, C
IV
-O), 
148.2 (d, 
3
JP,C=20.0 Hz, Cc
IV
), 141.1 (d, 
3
JP,C=9.5 Hz, Ca
IV
), 134.1 (d, 
2
JP,C=9.0 Hz, o-CH(PPh2)), 133.6 
(d, 
2
JP,C=9.0 Hz, o-CH(PPh2)), 132.3 (d, 
1
JP,C=88.0 Hz, C
IV
(PPh2)), 132.0 (d, 
4
JP,C=1.5 Hz, p-
CH(PPh2)), 131.7 (d, 
1
JP,C=90.0 Hz, C
IV
(PPh2)), 131.7 (d, 
4
JP,C=1.5 Hz, p-CH(PPh2)), 129.0 (d, 
3
JP,C=10.5 Hz, m-CH(PPh2)), 128.9 (d, 
3
JP,C=10.5 Hz, m-CH(PPh2)), 120.3 (d, 
4
JP,C=1.0 Hz, CbH), 
114.2 (d, 
2
JP,C=14.5 Hz, CdH),  111.6  (d, 
1
JP,C=123.0 Hz, C
IV
-PPh2), 55.5 (s, O-CH3), 52.1 (dd, 
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2/3
JP,C=6.5 Hz, 
3/3
JP,C=18.0 Hz, N-CH2-CH2-N), 35.7 (s, Ca
IV
-C
IV
(CH3)3), 33.3 (s, O-C
IV
(CH3)3), 30.2 (s, 
Ca
IV
-C
IV
(CH3)3), 26.0 (s, O-C
IV
(CH3)3); Anal. Calc. (C52H61N2O5P2Y): C, 66.10; H, 6.51; N, 2.96. 
Found: C, 65.89; H, 6.42; N, 2.85. 
6.4.13 General procedure for the synthesis of the yttrium complexes 4.8 and 4.9 
Potassium bis(trimethylsilyl)amide (300 mg, 1.5 mmol) was added into a slurry of ligand L7 (350 mg, 
0.3 mmol) in THF (20 mL). After 4 h, a cloudy solution was yielded and the insoluble potassium salt 
was removed by centrifugation. [YCl3(THF)3.5] (134 mg, 0.3 mmol) was added and stirred for 4 h at 
298 K. The completion of the coordination reaction was verified by 
31
P{
1
H} NMR spectroscopy. 
Potassium tert-butoxide (34 mg, 0.3 mmol) was added into the mixture, giving a cloudy solution. 
Stirring was continued for 7 h and the solid was removed by centrifugation. The solvents were 
evaporated in vacuo and the residue was crystallised in cyclohexane (5 mL), giving compounds 4.8 
and 4.9 as colorless crystals 
6.4.14 Compound 4.8 
L7 (350 mg, 0.30 mmol);
 31
P{
1
H} NMR spectrum after deprotonation δ=23.4 ppm, after addition of 
[YCl3(THF)3.5]  δ=35.0 ppm; (260 mg, 0.24 mmol, 83 %). 
1
H NMR (300 MHz, THF-d8) δ (ppm): 7.60 (ddd, 
4
JH,H=1.5 Hz, 
3
JH,H=7.0 Hz, 
3
JP,H=11.5 Hz, 4H, o-
CH(PPh2)), 7.57 (ddd, 
4
JH,H=1.5 Hz, 
3
JH,H=7.0 Hz, 
3
JP,H=11.5 Hz, 4H, o-CH(PPh2)), 7.50 (tvq, 
4
JH,H=1.5 Hz, 
3
JH,H=7.0 Hz, 
5
JP,H=1.5 Hz,  2H, p-CH(PPh2)), 7.42 (vtd, 
4
JP,H=2.5 Hz, 
3
JH,H=
3J’H,H=7.0 
Hz, 4H, m-CH(PPh2)), 7.40 (tvq, 
4
JH,H=1.5 Hz, 
3
JH,H=7.0 Hz, 
5
JP,H=1.5 Hz, 2H, p-CH(PPh2)), 7.24 
(vtd, 
4
JP,H=2.5 Hz, 
3
JH,H=
3J’H,H=7.0 Hz, 4H, m-CH(PPh2)), 7.21 (d,  
4
JH,H=2.0 Hz, 2H, CbH), 6.59 (dd,
 
4
JH,H=2.0 Hz, 
3
JP,H=15.5 Hz, 2H, CdH), 3.24 (m, 4H, P=N-CH2), 2.93 (m, 2H, P=N-CH2-CH2), 2.58 
(m, 2H, P=N-CH2-CH2), 1.15 (s, 18H, Cc,a
IV
-C
IV
(CH3)3), 1.10 (s, 18H, Cc,a
IV
-C
IV
(CH3)3), 0.80 (s, 9H, 
O-C
IV
(CH3)3);
 31
P{
1
H} NMR (202.5 MHz, THF-d8) δ (ppm): 33.6 (d, 
2
JP-Y=1.62 Hz, P); 
13
C{
1
H} 
NMR (75 MHz, THF-d8) δ (ppm): 169.1 (d, 
3
JP,C=3.0 Hz, C
IV
-O), 169.0 (d, 
3
JP,C=3.0 Hz, C
IV
-O),  
139.9 (d, 
3
JP,C=8.0 Hz, Cc,a
IV
), 133.8 (d, 
2/3
JP,C=9.5 Hz, m- or o-CH(PPh2)), 133.7 (d, 
2/3
JP,C=9.5 Hz, m- 
or o-CH(PPh2)), 133.6 (d, 
3
JP,C=8.0 Hz, Cc,a
IV
), 133.3 (d, 
1
JP,C=87.5 Hz, C
IV
(PPh2)), 132.1 (d, 
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1
JP,C=90.0 Hz, C
IV
(PPh2)), 131.8 (d, 
4
JP,C=2.5 Hz, p-CH(PPh2)), 131.6 (
4
JP,C=2.5 Hz, p-CH(PPh2)), 
128.9 (d, 
2/3
JP,C=11.0 Hz, m- or o-CH(PPh2)), 128.8 (d, 
2/3
JP,C=11.0 Hz, m- or o-CH(PPh2)), 128.2 (d, 
4
JP,C=2.5 Hz, CbH), 127.5 (d, 
2
JP,C=12.5 Hz, CdH), 111.8 (d, 
1
JP,C=118.0 Hz, C
IV
-PPh2), 69.7 (s, O-
C
IV
(CH3)3), 54.0 (d, 
2
JP,C=16.0 Hz, P
IV
-N-CH2), 48.6 (d, 
3
JP,C=5.0 Hz, P
IV
-N-CH2-CH2), 35.8 (s, Cc,a
IV
-
C
IV
(CH3)3), 35.2 (s, O-C
IV
(CH3)), 34.3 (s, Cc,a
IV
-C
IV
(CH3)3), 31.8 (s, Cc,a
IV
-C
IV
(CH3)3), 30.2 (s, Cc,a
IV
-
C
IV
(CH3)3); Anal. Calc. (C60H78N3O3P2Y): C, 69.28; H, 7.56; N, 4.04. Found: C, 69.16; H, 7.64; N, 
3.95. 
6.4.15 Compound 4.9  
L7 (350 mg, 0.30 mmol), KOEt (25.2 mg, 0.3 mmol) was used instead of KO
t
Bu; 
31
P{
1
H} NMR 
spectrum after deprotonation δ=23.4 ppm, after addition of [YCl3(THF)3.5]  δ=35.0 ppm; (265 mg, 
0.26 mmol, 87 %). 
1
H NMR (300 MHz, THF-d8) δ (ppm): 7.61 (ddd, 
4
JH,H=1.5 Hz, 
3
JH,H=8.0 Hz, 
3
JP,H=9.0 Hz, 4H, o-
CH(PPh2)), 7.55 (ddd, 
4
JH,H=1.5 Hz, 
3
JH,H=8.0 Hz, 
3
JP,H=9.0 Hz, 4H, o-CH(PPh2)), 7.49 (tt, 
4
JH,H=1.5 
Hz, 
3
JH,H= 8.0 Hz, 2H, p-CH(PPh2)), 7.39 (vtd, 
4
JP,H=2.5 Hz, 
3
JH,H=
3J’H,H=8.0 Hz, 4H, m-CH(PPh2)), 
7.37 (tt, 
4
JH,H=1.5 Hz, 
3
JH,H=8.0 Hz, 2H, p-CH(PPh2)), 7.22 (vtd, 
4
JP,H=2.5 Hz, 
3
JH,H=
3J’H,H=8.0 Hz, 4H, 
m-CH(PPh2)), 7.21 (d, 
4
JH,H=2.0 Hz, 2H, CbH), 6.65 (dd,
 4
JH,H=2.0 Hz, 
3
JP,H=15.5 Hz, 2H, CdH), 3.96 
(m, 1H, O-CH2-CH3), 3.32 (m, 1H, O-CH2-CH3), 3.27 (m, 4H, P=N-CH2), 2.83 (m, 2H, P=N-CH2-
CH2), 2.58 (m, 2H, P=N-CH2-CH2), 1.12 (s, 36H, Cc,a
IV
-C
IV
(CH3)3), 0.90 (m, 3H, O-CH2-CH3); 
31
P{
1
H} NMR (121.5 MHz, THF-d8) δ (ppm): δ 34.2 (s, P); 
13
C{
1
H} NMR (75 MHz, THF-d8) δ 
(ppm): 168.9 (d, 
3
JP,C=3.0 Hz, C
IV
-O), 168.8 (d, 
3
JP,C=3.0 Hz, C
IV
-O), 139.9 (d, 
3
JP,C=7.5 Hz, Cc,a
IV
 ), 
133.7 (d, 
2/3
JP,C=8.0 Hz, m- or o-CH(PPh2)), 133.6 (d, 
2/3
JP,C=8.0 Hz, m- or o-CH(PPh2)), 133.5 (d, 
3
JP,C=8.0 Hz, Cc,a
IV
), 133.3 (d, 
1
JP,C=83.0 Hz, C
IV
(PPh2)), 131.8 (
4
JP,C=2.5 Hz, p-CH(PPh2)), 131.6 (d, 
1
JP,C=88.0 Hz, C
IV
(PPh2)), 131.6 (d, 
4
JP,C=2.5 Hz, p-CH(PPh2)), 128.9 (d, 
2/3
JP,C=11.0 Hz, m- or o-
CH(PPh2)), 128.8 (d, 
2/3
JP,C=11.0 Hz, m- or o-CH(PPh2)), 128.3 (d, 
4
JP,C=2.0 Hz, CbH), 127.2 (d, 
2
JP,C=12.5 Hz, CdH), 113.0 (d, 
1
JP,C=119.0 Hz, C
IV
-PPh2), 62.5 (s, O-CH2-CH3), 53.7 (d, 
2
JP,C=16.0 Hz, 
P
IV
-N-CH2), 48.8 (d, 
3
JP,C=5.0 Hz, P
IV
-N-CH2-CH2), 35.7 (s, Cc,a
IV
-C
IV
(CH3)3), 34.3 (s, Cc,a
IV
-
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C
IV
(CH3)3), 31.9 (s, Cc,a
IV
-C
IV
(CH3)3), 29.9 (s, Cc,a
IV
-C
IV
(CH3)3), 23.3 (s, O-CH2-CH3); Anal. Calc. 
(C58H74N3O3P2Y): C, 68.83; H, 7.37; N, 4.74. Found: C, 68.14; H, 7.54; N, 4.27. 
6.4.16 General Polymerization Procedure 
In a glove box, a centrifuge tube was loaded with rac-lactide (288 mg, 2 mmol) and dissolved in THF 
(1.8 mL). A stock solution of initiator (0.2 mL, 0.02 M) was injected into the reaction, such that the 
overall concentration of lactide was 1 M and of initiator was 2 mM. Aliquots were taken from the 
reaction under a nitrogen atmosphere, quenched with wet hexane (1-2 mL) and the solvent was 
allowed to evaporate. The crude product was analysed by 
1
H NMR and homonuclear decoupled 
1
H 
NMR spectroscopy and GPC. The conversion of LA to PLA was determined by integration of the 
methyne proton peaks of the 
1H NMR spectra, δ 5.00 – 5.30. The Ps or Pi value was determined by 
integration of the methyne region of the homonuclear decoupled 
1
H NMR spectrum, δ 5.1 – 5.24.19 
The methyne proton regions were deconvoluted using MestReNova software. The PLA number-
averaged molecular weight, Mn, and polydispersity index (Mw/Mn; PDI) were determined using gel 
permeation chromatography equipped with multiangle laser light scattering (SEC-MALLS).
89
 
6.4.17 General polymerization Procedure at Low Temperature 
In a glove box, a Young’s tap ampoule was loaded with rac-lactide (107 mg, 0.74 mmol) and 
dissolved in cold THF (1 mL). The initiator (4.9) (7.5 mg, 0.0074 mmol) was dissolved in cold THF 
(0.48 mL). The initiator solution was then injected into the reaction, such that the overall 
concentration of lactide was 0.5 M. The ampoule was then removed from the glovebox and placed in 
an ice or ice/salt bath, such that the temperature was maintained at 258 K or 273 K respectively. After 
an allotted period of time the reaction was quenched with hexane (5 mL) and the solvent was allowed 
to evaporate. The resultant polymer was analysed as described above. 
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Appendix A: Experimental Data for Crystallography Data 
 
A1: Experimental data for compounds 
Compound 2.12 2.22 
Formula C22H17AlCl2I2N2O2 C20H12Cl5GaN2O2 
Formula weight 693.06 559.29 
Temperature 173 K 173 K 
Diffractometer, 
wavelength 
OD Xcalibur 3, 0.71073 Å OD Xcalibur 3, 0.71073 Å 
Crystal system, 
space group 
Monoclinic, P2(1)/n Monoclinic, C2/c 
Unit cell dimensions a = 10.3112(3) Å  = 90° 
b = 36.5740(9) Å  = 
107.432(3)°  = 107.432(3)° 
c = 13.3312(4) Å  = 90°  = 90° 
a = 18.6742(3) Å  = 90° 
b = 7.35125(10) Å  = 
110.4413(19)° 
c = 16.3025(3) Å  = 90° 
Volume, Z 4796.6(2) Å3, 8 2097.06(6) Å3, 4 
Density (calculated) 1.919 Mg/m3 1.771 Mg/m3 
Absorption 
coefficient 
2.904 mm-1 1.971 mm-1 
F(000) 2656 1112 
Crystal colour/ 
morphology 
Yellow blocks Yellow blocks 
Crystal size 0.33 x 0.26 x 0.19 mm3 0.36 x 0.21 x 0.17 mm3 
 range for data 
collection 
3.02 to 32.49° 3.12 to 32.90° 
Index ranges -15<=h<=15, -54<=k<=53, -
17<=l<=19 
-27<=h<=26, -10<=k<=8, -
23<=l<=24 
Reflns collected/ 
unique 
47989 / 15981 [R(int) = 
0.0370] 
11756 / 3588 [R(int) = 
0.0203] 
Reflns observed 
[F>4(F)] 
12613 3174 
Absorption 
correction 
Analytical Analytical 
Max. and min. 
transmission 
0.651 and 0.538 0.819 and 0.657 
Refinement method Full-matrix least-squares 
on F2 
Full-matrix least-squares 
on F2 
Data/restraints/ 
parameters 
15981/0/563 3588/0/138 
Goodness-of-fit on 
F2 
1.184 1.076 
Final R indices 
[F>4(F)] 
R1 = 0.0985, wR2 = 0.1947 R1 = 0.0255, wR2 = 0.0643 
R indices (all data) R1 = 0.1196, wR2 = 0.2015 R1 = 0.0318, wR2 = 0.0678 
Largest diff. peak, 
hole 
2.135, -1.869 eÅ-3 0.460, -0.358 eÅ-3 
Mean and maximum 
shift/error 
 
 
 
 
 
 
 
 
 
0.000 and 0.001 0.000 and 0.001 
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Compound 2.23 3.8 
Formula C24H21Cl4GaN2O3 C32H25AlN2O2 
Formula weight 596.95 680.79 
Temperature 173 K 173 K 
Diffractometer, 
wavelength 
OD Xcalibur 3, 0.71073 Å OD Xcalibur 3, 0.71073 Å 
Crystal system, 
space group 
Triclinic, P-1 Monoclinic, C2/c 
Unit cell dimensions a = 10.1961(3) Å  = 
102.960(2)° 
b = 14.4367(4) Å  = 
103.029(2)°  = 103.029(2)° 
c = 18.7110(5) Å  = 
105.859(2)°  = 105.859(2)° 
a = 25.8123(7) Å  = 90° 
b = 21.5571(4) Å  = 
116.529(3)° 
c = 14.7290(4) Å  = 90°  = 90° 
 
Volume, Z 2458.16(13) Å3, 4 7332.8(4) Å3, 8 
Density (calculated) 1.613 Mg/m3 1.233 Mg/m3 
Absorption 
coefficient 
1.585 mm-1 0.097 mm-1 
F(000) 1208 2880 
Crystal colour/ 
morphology 
Yellow blocks Yellow blocks 
Crystal size 0.37 x 0.29 x 0.12 mm3 0.56 x 0.24 x 0.15 mm3 
 range for data 
collection 
3.08 to 32.70° 2.97 to 32.74° 
Index ranges -14<=h<=15, -21<=k<=21, -
27<=l<=24 
-22<=h<=39, -32<=k<=31, -
21<=l<=22 
Reflns collected/ 
unique 
29124 / 16078 [R(int) = 
0.0188] 
41849 / 12412 [R(int) = 
0.0242] 
Reflns observed 
[F>4(F)] 
12599 9301 
Absorption 
correction 
Analytical Analytical 
Max. and min. 
transmission 
0.832 and 0.648 0.988 and 0.962 
Refinement method Full-matrix least-squares 
on F2 
Full-matrix least-squares 
on F2 
Data/restraints/ 
parameters 
16078/70/634 12412/250/487 
Goodness-of-fit on 
F2 
1.047 1.100 
Final R indices 
[F>4(F)] 
R1 = 0.0365, wR2 = 0.0884 
 
R1 = 0.0544, wR2 = 0.1544 
R indices (all data) R1 = 0.0538, wR2 = 0.0949 R1 = 0.0773, wR2 = 0.1677 
Largest diff. peak, 
hole 
0.870, -0.602 eÅ-3 0.684, -0.372 eÅ-3 
Mean and maximum 
shift/error 
0.000 and 0.001 0.000 and 0.001 
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Compound 3.11 
Formula C24H22Cl4N2O2Zn2 
Formula weight 642.98 
Temperature 173 K 
Diffractometer, 
wavelength 
OD Xcalibur PX Ultra, 
1.54184 Å 
Crystal system, 
space group 
Orthorhombic, Pbca 
Unit cell dimensions a = 7.72046(6) Å  = 90° 
b = 15.77008(11) Å  = 90° 
c = 20.25661(15) Å  = 90° 
Volume, Z 2466.29(3) Å3, 4 
Density (calculated) 1.732 Mg/m3 
Absorption 
coefficient 
6.595 mm-1 
F(000) 1296 
Crystal colour/ 
morphology 
Pale yellow tablets 
Crystal size 0.3364 x 0.2102 x 0.0432 
mm3 
 range for data 
collection 
4.37 to 72.53° 
Index ranges -9<=h<=7, -19<=k<=18, -
24<=l<=21 
Reflns collected/ 
unique 
18553 / 2429 [R(int) = 
0.0281] 
 
Reflns observed 
[F>4(F)] 
2214 
Absorption 
correction 
Analytical 
Max. and min. 
transmission 
0.756 and 0.293 
Refinement method Full-matrix least-squares 
on F2 
Data/restraints/ 
parameters 
2429/0/155 
Goodness-of-fit on 
F2 
1.085 
Final R indices 
[F>4(F)] 
R1 = 0.0273, wR2 = 0.0764 
R indices (all data) R1 = 0.0310, wR2 = 0.0787 
Largest diff. peak, 
hole 
0.295, -0.272 eÅ-3 
Mean and maximum 
shift/error 
 
0.000 and 0.001 
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A2: Full list of bond lengths (Å) and bond angles (°) for compound 2.16 
Al(1A)-O(1A)      1.807(6) C(28A)-N(29A) 1.333(10) 
Al(1A)-C(40A) 1.984(9) C(28A)-C(31A) 1.508(13) 
Al(1A)-N(29A) 2.087(7) N(29A)-C(30A) 1.382(10) 
Al(1A)-N(9A) 2.093(7) C(40A)-C(41A) 1.499(15) 
O(1A)-C(1A) 1.319(9) Al(1B)-O(1B) 1.802(6) 
C(1A)-C(2A) 1.382(10) Al(1B)-O(21B) 1.810(6) 
C(1A)-C(10A) 1.414(10) Al(1B)-C(40B) 1.969(8) 
C(2A)-C(3A) 1.404(11) Al(1B)-N(9B) 2.087(7) 
C(2A)-I(1A) 2.087(8) Al(1B)-N(29B) 2.102(7) 
C(3A)-C(4A) 1.365(12) O(1B)-C(1B) 1.326(9) 
C(4A)-C(5A) 1.421(11) C(1B)-C(2B) 1.388(11) 
C(4A)-Cl(1A) 1.773(8) C(1B)-C(10B) 1.428(11) 
C(5A)-C(10A) 1.409(10) C(2B)-C(3B)            1.413(13) 
C(5A)-C(6A) 1.412(12) C(2B)-I(1B) 2.071(10) 
C(6A)-C(7A) 1.361(12) C(3B)-C(4B) 1.364(14) 
C(7A)-C(8A) 1.420(12) C(4B)-C(5B) 1.414(13) 
C(8A)-N(9A) 1.321(10) C(4B)-Cl(1B) 1.782(9) 
C(8A)-C(11A) 1.508(12) C(5B)-C(10B) 1.407(11) 
N(9A)-C(10A)      1.361(10) C(5B)-C(6B) 1.415(14) 
O(21A)-C(21A) 1.324(9) C(6B)-C(7B) 1.348(15) 
C(21A)-C(22A) 1.358(11) C(7B)-C(8B) 1.417(12) 
C(21A)-C(30A) 1.428(10) C(8B)-N(9B) 1.327(10) 
C(22A)-C(23A) 1.410(11) C(8B)-C(11B) 1.492(13) 
C(22A)-I(2A) 2.078(8) N(9B)-C(10B) 1.359(10) 
C(23A)-C(24A) 1.352(13) O(21B)-C(21B) 1.322(9) 
C(24A)-C(25A) 1.420(12) C(21B)-C(22B) 1.370(11) 
C(24A)-Cl(2A) 1.804(8) C(21B)-C(30B) 1.426(10) 
C(25A)-C(26A) 1.408(12) C(22B)-C(23B) 1.407(11) 
C(25A)-C(30A) 1.412(11) C(22B)-I(2B) 2.076(8) 
C(26A)-C(27A) 1.365(14) C(23B)-C(24B) 1.369(13) 
C(27A)-C(28A) 1.412(13) C(24B)-C(25B) 1.404(12) 
C(24B)-Cl(2B) 1.845(8) C(25B)-C(30B) 1.413(11) 
C(25B)-C(26B) 1.414(12) C(26B)-C(27B) 1.356(14) 
C(27B)-C(28B) 1.411(13) C(28B)-N(29B) 1.347(10) 
C(28B)-C(31B) 1.493(14) N(29B)-C(30B) 1.355(10) 
C(40B)-C(41B) 1.526(14)  
  
O(1A)-Al(1A)-O(21A)    119.8(3) O(1A)-Al(1A)-C(40A)    118.8(4) 
O(21A)-Al(1A)-C(40A)   121.4(4) O(1A)-Al(1A)-N(29A)    90.6(3) 
O(21A)-Al(1A)-N(29A)   82.7(3) C(40A)-Al(1A)-N(29A)   97.7(4) 
O(1A)-Al(1A)-N(9A)     82.8(3) O(21A)-Al(1A)-N(9A)    89.3(3) 
C(40A)-Al(1A)-N(9A)    96.8(4) N(29A)-Al(1A)-N(9A)    165.5(3) 
C(1A)-O(1A)-Al(1A)     116.9(5) O(1A)-C(1A)-C(2A)      124.9(7) 
O(1A)-C(1A)-C(10A)     118.0(7) C(2A)-C(1A)-C(10A)     117.1(7) 
C(1A)-C(2A)-C(3A)      121.9(7) C(1A)-C(2A)-I(1A)      118.5(6) 
C(3A)-C(2A)-I(1A)      119.6(6) C(4A)-C(3A)-C(2A)      119.7(7) 
C(3A)-C(4A)-C(5A)      121.8(7) C(3A)-C(4A)-Cl(1A)     119.9(6) 
C(5A)-C(4A)-Cl(1A)     118.4(7) C(10A)-C(5A)-C(6A)     116.6(7) 
C(10A)-C(5A)-C(4A)     116.5(7) C(6A)-C(5A)-C(4A)      126.9(8) 
C(7A)-C(6A)-C(5A)      119.6(8) C(6A)-C(7A)-C(8A)      120.5(8) 
N(9A)-C(8A)-C(7A)      121.0(8) N(9A)-C(8A)-C(11A)     119.6(8) 
C(7A)-C(8A)-C(11A)     119.5(8) C(8A)-N(9A)-C(10A)     119.2(7) 
C(8A)-N(9A)-Al(1A)     132.9(6) C(10A)-N(9A)-Al(1A)    107.7(5) 
N(9A)-C(10A)-C(5A)     123.2(7) N(9A)-C(10A)-C(1A)     114.0(7) 
C(5A)-C(10A)-C(1A)     122.8(7) C(21A)-O(21A)-Al(1A)   118.0(5) 
O(21A)-C(21A)-C(22A)   126.4(7) O(21A)-C(21A)-C(30A)   116.7(7) 
C(22A)-C(21A)-C(30A)   116.9(7) C(21A)-C(22A)-C(23A)   121.8(8) 
C(21A)-C(22A)-C(23A)   121.8(8) C(21A)-C(22A)-I(2A)    118.2(6) 
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C(23A)-C(22A)-I(2A)    120.0(6) C(24A)-C(23A)-C(22A)   120.6(7) 
C(23A)-C(24A)-C(25A)   121.5(7) C(23A)-C(24A)-Cl(2A)   119.8(7) 
C(25A)-C(24A)-Cl(2A)   118.7(7) C(26A)-C(25A)-C(30A)   116.2(8) 
C(26A)-C(25A)-C(24A)   127.8(8) C(30A)-C(25A)-C(24A)   116.0(7) 
C(27A)-C(26A)-C(25A)   120.1(8) C(26A)-C(27A)-C(28A)   121.1(8) 
N(29A)-C(28A)-C(27A)   120.4(8) N(29A)-C(28A)-C(31A)   118.6(8) 
C(27A)-C(28A)-C(31A)   121.0(8) C(28A)-N(29A)-C(30A)   118.9(7) 
C(28A)-N(29A)-Al(1A)   132.8(6) C(30A)-N(29A)-Al(1A)   108.0(5) 
N(29A)-C(30A)-C(25A)   123.2(7) N(29A)-C(30A)-C(21A)   113.8(7) 
C(25A)-C(30A)-C(21A)   123.0(7) C(41A)-C(40A)-Al(1A)   115.8(7) 
O(1B)-Al(1B)-O(21B)    121.2(3 O(1B)-Al(1B)-C(40B)    119.9(4) 
O(21B)-Al(1B)-C(40B)   118.9(3) O(1B)-Al(1B)-N(9B)     82.8(3) 
O(21B)-Al(1B)-N(9B)    89.9(3) C(40B)-Al(1B)-N(9B)    98.0(3) 
O(1B)-Al(1B)-N(29B)    90.7(3) O(21B)-Al(1B)-N(29B)   82.0(3) 
C(40B)-Al(1B)-N(29B)   96.9(3) N(9B)-Al(1B)-N(29B)    165.1(3) 
C(1B)-O(1B)-Al(1B)     116.8(5) O(1B)-C(1B)-C(2B)      125.4(8) 
O(1B)-C(1B)-C(10B)     117.6(7) C(2B)-C(1B)-C(10B)     117.1(7) 
C(1B)-C(2B)-C(3B)      120.8(9) C(1B)-C(2B)-I(1B)      118.7(7) 
C(3B)-C(2B)-I(1B)      120.5(6) C(4B)-C(3B)-C(2B)      121.0(8) 
C(3B)-C(4B)-C(5B)      121.1(8) C(3B)-C(4B)-Cl(1B)     119.8(7) 
C(5B)-C(4B)-Cl(1B)     119.1(8) C(10B)-C(5B)-C(4B)     117.2(8) 
C(10B)-C(5B)-C(6B)     115.4(8) C(4B)-C(5B)-C(6B)      127.4(8) 
C(7B)-C(6B)-C(5B)      120.3(8) C(6B)-C(7B)-C(8B)      121.0(9) 
N(9B)-C(8B)-C(7B)      120.1(8) N(9B)-C(8B)-C(11B)     119.1(8) 
C(7B)-C(8B)-C(11B)     120.7(8) C(8B)-N(9B)-C(10B)     119.2(7) 
C(8B)-N(9B)-Al(1B)     132.0(6) C(10B)-N(9B)-Al(1B)    108.5(5) 
N(9B)-C(10B)-C(5B)     123.9(7) N(9B)-C(10B)-C(1B)     113.3(7) 
C(5B)-C(10B)-C(1B)     122.8(7) C(21B)-O(21B)-Al(1B)   117.3(5) 
O(21B)-C(21B)-C(22B)   125.3(7) O(21B)-C(21B)-C(30B)   117.4(7) 
C(22B)-C(21B)-C(30B)   117.3(7) C(21B)-C(22B)-C(23B)   121.5(8) 
C(21B)-C(22B)-I(2B)    119.4(6) C(23B)-C(22B)-I(2B)    119.1(6) 
C(24B)-C(23B)-C(22B)   120.6(8) C(23B)-C(24B)-C(25B)   121.1(8) 
C(23B)-C(24B)-Cl(2B)   120.4(7) C(25B)-C(24B)-Cl(2B)   118.5(7) 
C(24B)-C(25B)-C(30B)   117.2(7) C(24B)-C(25B)-C(26B)   126.7(8) 
C(30B)-C(25B)-C(26B)   116.0(8) C(27B)-C(26B)-C(25B)   119.0(8) 
C(26B)-C(27B)-C(28B)   122.5(8) N(29B)-C(28B)-C(27B)   119.3(9) 
N(29B)-C(28B)-C(31B)   118.8(8) C(27B)-C(28B)-C(31B)   121.9(8) 
C(28B)-N(29B)-C(30B)   118.9(7) C(28B)-N(29B)-Al(1B)   132.4(6) 
C(30B)-N(29B)-Al(1B)   108.4(5) N(29B)-C(30B)-C(25B)   124.2(7) 
N(29B)-C(30B)-C(21B)   113.5(7) C(25B)-C(30B)-C(21B)   122.3(7) 
C(41B)-C(40B)-Al(1B)   118.7(7)  
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A3: Full list of bond lengths (Å) and bond angles (°) for compound 2.22 
Ga-O(12)#1 1.8680(10) Ga-O(12) 1.8680(10) 
Ga-N(1)#1 2.1073(10) Ga-N(1) 2.1073(10) 
Ga-Cl(1) 2.1915(6) N(1)-C(2)            1.3319(17) 
N(1)-C(10) 1.3649(16) C(2)-C(3) 1.4139(18) 
C(2)-C(11) 1.4939(18) C(3)-C(4) 1.3701(19) 
C(4)-C(5)            1.4097(18) C(5)-C(10) 1.4094(16) 
C(5)-C(6) 1.4172(18) C(6)-C(7) 1.3682(19) 
C(6)-Cl(6) 1.7345(13) C(7)-C(8) 1.4069(18) 
C(8)-C(9) 1.3775(18) C(8)-Cl(8) 1.7294(14) 
C(9)-O(12) 1.3263(15) C(9)-C(10) 1.4267(17) 
  
O(12)#1-Ga-O(12)       126.83(7) O(12)#1-Ga-N(1)#1      83.09(4) 
O(12)-Ga-N(1)#1        91.74(4) O(12)#1-Ga-N(1)        91.74(4) 
O(12)-Ga-N(1)          83.09(4) N(1)#1-Ga-N(1)         168.47(6) 
O(12)#1-Ga-Cl(1)       116.58(3) O(12)-Ga-Cl(1)         116.58(3) 
N(1)#1-Ga-Cl(1)        95.77(3) N(1)-Ga-Cl(1)          95.77(3) 
C(2)-N(1)-C(10)        119.97(11) C(2)-N(1)-Ga           132.04(9) 
C(10)-N(1)-Ga          107.79(8) N(1)-C(2)-C(3)         120.10(12) 
N(1)-C(2)-C(11)        119.08(12) C(3)-C(2)-C(11)        120.82(12) 
C(4)-C(3)-C(2)         120.84(12) C(3)-C(4)-C(5)         119.60(11) 
C(10)-C(5)-C(4)        116.81(11) C(10)-C(5)-C(6)        117.32(11) 
C(4)-C(5)-C(6)         125.87(11) C(7)-C(6)-C(5)         121.01(11) 
C(7)-C(6)-Cl(6)        119.91(10) C(5)-C(6)-Cl(6)        119.07(10) 
C(6)-C(7)-C(8)         120.18(12) C(9)-C(8)-C(7)         122.17(12) 
C(9)-C(8)-Cl(8)        118.88(10) C(7)-C(8)-Cl(8)        118.93(10) 
O(12)-C(9)-C(8)        124.27(12) O(12)-C(9)-C(10)       118.98(11) 
C(8)-C(9)-C(10)        116.76(11) N(1)-C(10)-C(5)        122.66(11) 
N(1)-C(10)-C(9)        114.78(11) C(5)-C(10)-C(9)        122.56(11) 
C(9)-O(12)-Ga          114.75(8) Symmetry transformations used to 
generate equivalent atoms:#1 x+1,y,-
z+1/2 
 
A4: Full list of bond lengths (Å) and bond angles (°) for compound 2.23 
Ga(1A)-O(40A) 1.7904(13) Ga(1A)-O(9A) 1.8871(13) 
Ga(1A)-O(29A) 1.8881(12) Ga(1A)-N(1A) 2.1274(15) 
Ga(1A)-N(21A) 2.1310(16) Cl(1A)-C(6A) 1.740(2) 
Cl(2A)-C(8A) 1.735(2) Cl(3A)-C(26A) 1.7407(19) 
Cl(4A)-C(28A) 1.7284(18) N(1A)-C(2A) 1.328(2) 
N(1A)-C(10A) 1.371(2) C(2A)-C(3A) 1.415(3) 
C(2A)-C(11A) 1.496(3) C(3A)-C(4A) 1.365(3) 
C(4A)-C(5A) 1.407(3) C(5A)-C(10A) 1.407(3) 
C(5A)-C(6A) 1.421(3) C(6A)-C(7A) 1.362(3) 
C(7A)-C(8A) 1.403(3) C(8A)-C(9A) 1.383(2) 
C(9A)-O(9A) 1.321(2) C(9A)-C(10A) 1.424(3) 
N(21A)-C(22A) 1.325(2) N(21A)-C(30A) 1.372(2) 
C(22A)-C(23A) 1.417(3) C(22A)-C(31A) 1.500(3) 
C(23A)-C(24A) 1.358(3) C(24A)-C(25A) 1.411(3) 
C(25A)-C(30A) 1.409(2) C(25A)-C(26A) 1.414(3) 
C(26A)-C(27A) 1.364(3) C(27A)-C(28A) 1.409(3) 
C(28A)-C(29A) 1.381(2) C(29A)-O(29A) 1.325(2) 
C(29A)-C(30A) 1.426(2) O(40A)-C(41A) 1.415(7) 
O(40A)-C(41') 1.424(11) C(41A)-C(44A) 1.502(8) 
C(41A)-C(43A) 1.512(8) C(41A)-C(42A) 1.514(7) 
C(41')-C(43') 1.529(11) C(41')-C(42') 1.531(11) 
C(41')-C(44') 1.533(11) Ga(1B)-O(40B) 1.7844(15) 
Ga(1B)-O(29B) 1.8863(13) Ga(1B)-O(9B) 1.8868(13) 
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Ga(1B)-N(1B) 2.1232(15) Ga(1B)-N(21B) 2.1493(16) 
Cl(1B)-C(6B) 1.736(2) Cl(2B)-C(8B) 1.739(2) 
Cl(3B)-C(26B) 1.742(2) Cl(4B)-C(28B) 1.7278(19) 
N(1B)-C(2B) 1.332(2) N(1B)-C(10B) 1.366(2) 
C(2B)-C(3B) 1.416(3) C(2B)-C(11B) 1.492(3) 
C(3B)-C(4B) 1.362(3) C(4B)-C(5B) 1.416(3) 
C(5B)-C(10B) 1.403(3) C(5B)-C(6B) 1.419(3) 
C(6B)-C(7B) 1.365(3) C(7B)-C(8B) 1.403(3) 
C(8B)-C(9B) 1.379(3) C(9B)-O(9B) 1.323(2) 
C(9B)-C(10B) 1.430(2) N(21B)-C(22B) 1.329(2) 
N(21B)-C(30B) 1.370(2) C(22B)-C(23B) 1.424(3) 
C(22B)-C(31B) 1.499(3) C(23B)-C(24B) 1.354(4) 
C(24B)-C(25B) 1.407(3) C(25B)-C(30B) 1.413(3) 
C(25B)-C(26B) 1.415(3) C(26B)-C(27B) 1.359(3) 
C(27B)-C(28B) 1.404(3) C(28B)-C(29B) 1.381(3) 
C(29B)-O(29B) 1.321(2) C(29B)-C(30B) 1.424(2) 
O(40B)-C(41B) 1.400(2) C(41B)-C(42B) 1.498(3) 
C(41B)-C(43B) 1.510(3) C(41B)-C(44B) 1.523(4) 
  
O(40A)-Ga(1A)-O(9A)    113.17(6) O(40A)-Ga(1A)-O(29A)   120.94(6) 
O(9A)-Ga(1A)-O(29A)    125.70(6) O(40A)-Ga(1A)-N(1A)    93.17(6) 
O(9A)-Ga(1A)-N(1A)     81.96(6) O(29A)-Ga(1A)-N(1A)    90.67(5) 
O(40A)-Ga(1A)-N(21A)   106.43(6) O(9A)-Ga(1A)-N(21A)    86.95(6) 
O(29A)-Ga(1A)-N(21A)   82.41(6) N(1A)-Ga(1A)-N(21A)    160.07(6) 
C(2A)-N(1A)-C(10A)     119.66(16) C(2A)-N(1A)-Ga(1A)     131.71(12) 
C(10A)-N(1A)-Ga(1A)    108.29(11) N(1A)-C(2A)-C(3A)      120.46(17) 
N(1A)-C(2A)-C(11A)     118.28(16) C(3A)-C(2A)-C(11A)     121.26(17) 
C(4A)-C(3A)-C(2A)      120.51(19) C(3A)-C(4A)-C(5A)      119.97(18) 
C(4A)-C(5A)-C(10A)     116.81(17) C(4A)-C(5A)-C(6A)      126.32(19) 
C(10A)-C(5A)-C(6A)     116.86(18) C(7A)-C(6A)-C(5A)      121.16(19) 
C(7A)-C(6A)-Cl(1A)     120.14(15) C(5A)-C(6A)-Cl(1A)     118.70(17) 
C(6A)-C(7A)-C(8A)      120.33(17) C(9A)-C(8A)-C(7A)      122.21(19) 
C(9A)-C(8A)-Cl(2A)     118.40(16) C(7A)-C(8A)-Cl(2A)     119.38(15) 
O(9A)-C(9A)-C(8A)      124.27(18) O(9A)-C(9A)-C(10A)     119.40(15) 
C(8A)-C(9A)-C(10A)     116.33(18) C(9A)-O(9A)-Ga(1A)     115.34(11) 
N(1A)-C(10A)-C(5A)     122.57(17) N(1A)-C(10A)-C(9A)     114.33(16) 
C(5A)-C(10A)-C(9A)     123.08(16) C(22A)-N(21A)-C(30A)   119.94(17) 
C(22A)-N(21A)-Ga(1A)   132.02(14) C(30A)-N(21A)-Ga(1A)   108.03(11) 
N(21A)-C(22A)-C(23A)   120.28(19) N(21A)-C(22A)-C(31A)   119.24(19) 
C(23A)-C(22A)-C(31A)   120.46(18) C(24A)-C(23A)-C(22A)   120.66(18) 
C(23A)-C(24A)-C(25A)   120.11(19) C(30A)-C(25A)-C(24A)   116.64(18) 
C(30A)-C(25A)-C(26A)   117.02(16) C(24A)-C(25A)-C(26A)   126.33(18) 
C(27A)-C(26A)-C(25A)   121.39(17) C(27A)-C(26A)-Cl(3A)   119.39(16) 
C(25A)-C(26A)-Cl(3A)   119.22(15) C(26A)-C(27A)-C(28A)   120.24(17) 
C(29A)-C(28A)-C(27A)   121.80(16) C(29A)-C(28A)-Cl(4A)   119.31(14) 
C(27A)-C(28A)-Cl(4A)   118.89(14) O(29A)-C(29A)-C(28A)   123.91(16) 
O(29A)-C(29A)-C(30A)   119.36(15) C(28A)-C(29A)-C(30A)   116.72(16) 
C(29A)-O(29A)-Ga(1A)   115.32(11) N(21A)-C(30A)-C(25A)   122.35(16) 
N(21A)-C(30A)-C(29A)   114.85(15) C(25A)-C(30A)-C(29A)   122.79(16) 
C(41A)-O(40A)-Ga(1A)   135.7(3) C(41')-O(40A)-Ga(1A)   136.1(5) 
O(40A)-C(41A)-C(44A)   109.4(5) O(40A)-C(41A)-C(43A)   108.0(5) 
C(44A)-C(41A)-C(43A)   112.2(6) O(40A)-C(41A)-C(42A)   105.5(5) 
C(44A)-C(41A)-C(42A)   111.7(5) C(43A)-C(41A)-C(42A)   109.8(5) 
O(40A)-C(41')-C(43')   109.0(8) O(40A)-C(41')-C(42')   110.1(8) 
C(43')-C(41')-C(42')   106.7(8) O(40A)-C(41')-C(44')   114.2(8) 
C(43')-C(41')-C(44')   108.8(8) C(42')-C(41')-C(44')   107.8(8) 
O(40B)-Ga(1B)-O(29B)   124.06(7) O(40B)-Ga(1B)-O(9B)    108.85(7) 
O(29B)-Ga(1B)-O(9B)    126.88(6) O(40B)-Ga(1B)-N(1B)    95.60(7) 
O(29B)-Ga(1B)-N(1B)    88.02(5) O(9B)-Ga(1B)-N(1B)     82.20(6) 
O(40B)-Ga(1B)-N(21B)   106.46(7) O(29B)-Ga(1B)-N(21B)   81.26(6) 
O(9B)-Ga(1B)-N(21B)    88.81(6) N(1B)-Ga(1B)-N(21B)    157.86(6) 
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C(2B)-N(1B)-C(10B)     119.88(15) C(2B)-N(1B)-Ga(1B)     131.64(12) 
C(10B)-N(1B)-Ga(1B)    108.47(11) N(1B)-C(2B)-C(3B)      119.96(17) 
N(1B)-C(2B)-C(11B)     119.36(16) C(3B)-C(2B)-C(11B)     120.68(16) 
C(4B)-C(3B)-C(2B)      120.85(17) C(3B)-C(4B)-C(5B)      119.91(18) 
C(10B)-C(5B)-C(4B)     116.39(17) C(10B)-C(5B)-C(6B)     117.77(17) 
C(4B)-C(5B)-C(6B)      125.83(18) C(7B)-C(6B)-C(5B)      120.64(18) 
C(7B)-C(6B)-Cl(1B)     120.14(15) C(5B)-C(6B)-Cl(1B)     119.21(15) 
C(6B)-C(7B)-C(8B)      120.19(18) C(9B)-C(8B)-C(7B)      122.66(18) 
C(9B)-C(8B)-Cl(2B)     118.45(15) C(7B)-C(8B)-Cl(2B)     118.88(15) 
O(9B)-C(9B)-C(8B)      124.64(17) O(9B)-C(9B)-C(10B)     119.11(16) 
C(8B)-C(9B)-C(10B)     116.21(17) C(9B)-O(9B)-Ga(1B)     115.34(11) 
N(1B)-C(10B)-C(5B)     122.99(16) N(1B)-C(10B)-C(9B)     114.51(16) 
C(5B)-C(10B)-C(9B)     122.48(16) C(22B)-N(21B)-C(30B)   119.30(18) 
C(22B)-N(21B)-Ga(1B)   132.16(15) C(30B)-N(21B)-Ga(1B)   108.54(11) 
N(21B)-C(22B)-C(23B)   119.9(2) N(21B)-C(22B)-C(31B)   118.7(2) 
C(23B)-C(22B)-C(31B)   121.4(2) C(24B)-C(23B)-C(22B)   121.3(2) 
C(23B)-C(24B)-C(25B)   119.9(2) C(24B)-C(25B)-C(30B)   116.3(2) 
C(24B)-C(25B)-C(26B)   126.5(2) C(30B)-C(25B)-C(26B)   117.21(18) 
C(27B)-C(26B)-C(25B)   121.48(18) C(27B)-C(26B)-Cl(3B)   119.21(17) 
C(25B)-C(26B)-Cl(3B)   119.31(16) C(26B)-C(27B)-C(28B)   120.06(19) 
C(29B)-C(28B)-C(27B)   122.19(17) C(29B)-C(28B)-Cl(4B)   118.95(14) 
C(27B)-C(28B)-Cl(4B)   118.86(15) O(29B)-C(29B)-C(28B)   124.12(16) 
O(29B)-C(29B)-C(30B)   119.08(16) C(28B)-C(29B)-C(30B)   116.80(16) 
C(29B)-O(29B)-Ga(1B)   116.61(11) N(21B)-C(30B)-C(25B)   123.28(17) 
N(21B)-C(30B)-C(29B)   114.46(16) C(25B)-C(30B)-C(29B)   122.26(18) 
C(41B)-O(40B)-Ga(1B)   137.30(14) O(40B)-C(41B)-C(42B)   109.6(2) 
O(40B)-C(41B)-C(43B)   108.9(2) C(42B)-C(41B)-C(43B)   108.3(2) 
O(40B)-C(41B)-C(44B)   110.05(18) C(42B)-C(41B)-C(44B)   109.9(3) 
C(43B)-C(41B)-C(44B)   110.0(2)  
 
A5: Full list of bond lengths (Å) and bond angles (°) for compound 3.8 
Al-O(9) 1.7989(9) Al-O(29) 1.8007(10) 
Al-C(40) 1.9746(13) Al-N(21) 2.1527(10) 
Al-N(1) 2.1892(10) N(1)-C(2) 1.3360(15) 
N(1)-C(10) 1.3697(15) C(2)-C(3) 1.4195(17) 
C(2)-C(11) 1.4820(17) C(3)-C(4) 1.3668(19) 
C(4)-C(5) 1.4106(18) C(5)-C(6) 1.4134(18) 
C(5)-C(10) 1.4149(16) C(6)-C(7) 1.371(2) 
C(7)-C(8) 1.4091(19) C(8)-C(9) 1.3829(17) 
C(9)-O(9) 1.3317(14) C(9)-C(10) 1.4281(16) 
C(11)-C(12) 1.3955(17) C(11)-C(16) 1.4003(18) 
C(12)-C(13) 1.3889(19) C(13)-C(14) 1.385(2) 
C(14)-C(15) 1.385(2) C(15)-C(16) 1.385(2) 
N(21)-C(22) 1.3344(15) N(21)-C(30) 1.3732(15) 
C(22)-C(23) 1.4199(16) C(22)-C(31) 1.4845(17) 
C(23)-C(24) 1.3682(19) C(24)-C(25) 1.4109(18) 
C(25)-C(30) 1.4119(15) C(25)-C(26) 1.4161(18) 
C(26)-C(27) 1.372(2) C(27)-C(28) 1.4152(18) 
C(28)-C(29) 1.3792(17) C(29)-O(29) 1.3391(14) 
C(29)-C(30) 1.4239(16) C(31)-C(32) 1.3964(17) 
C(31)-C(36) 1.3972(19) C(32)-C(33) 1.3919(18) 
C(33)-C(34) 1.385(2) C(34)-C(35) 1.384(2) 
C(35)-C(36) 1.391(2) C(40)-C(41) 1.544(2) 
C(50)-C(51) 1.490(4) C(51)-C(56) 1.375(3) 
C(51)-C(52) 1.401(3) C(52)-C(53) 1.352(4) 
C(53)-C(54) 1.384(5) C(54)-C(55) 1.354(5) 
C(55)-C(56) 1.369(4) C(60)-C(61) 1.452(8) 
C(61)-C(62) 1.3900 C(61)-C(66) 1.3900 
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C(62)-C(63) 1.3900 C(63)-C(64) 1.3900 
C(64)-C(65) 1.3900 C(65)-C(66) 1.3900 
C(60')-C(61') 1.435(11) C(61')-C(62') 1.3900 
C(61')-C(66') 1.3900 C(62')-C(63') 1.3900 
C(63')-C(64') 1.3900 C(64')-C(65') 1.3900 
C(65')-C(66') 1.3900 C(60")-C(61") 1.452(13) 
C(61")-C(62") 1.3900 C(61")-C(66") 1.3900 
C(62")-C(63") 1.3900 C(63")-C(64") 1.3900 
C(64")-C(65") 1.3900 C(65")-C(66") 1.3900 
  
O(9)-Al-O(29)          109.02(5) O(9)-Al-C(40)          122.89(5) 
O(29)-Al-C(40)         128.02(5) O(9)-Al-N(21)          88.62(4) 
O(29)-Al-N(21)         82.59(4) C(40)-Al-N(21)         100.04(5) 
O(9)-Al-N(1)           82.28(4) O(29)-Al-N(1)          89.27(4) 
C(40)-Al-N(1)          94.77(5) N(21)-Al-N(1)          165.14(4) 
C(2)-N(1)-C(10)        118.35(10) C(2)-N(1)-Al           136.09(8) 
C(10)-N(1)-Al          105.52(7) N(1)-C(2)-C(3)         121.00(11) 
N(1)-C(2)-C(11)        120.47(10) C(3)-C(2)-C(11)        118.52(11) 
C(4)-C(3)-C(2)         120.85(11) C(3)-C(4)-C(5)         119.48(11) 
C(4)-C(5)-C(6)         124.34(11) C(4)-C(5)-C(10)        116.59(11) 
C(6)-C(5)-C(10)        119.06(12) C(7)-C(6)-C(5)         119.47(12) 
C(6)-C(7)-C(8)         121.94(12) C(9)-C(8)-C(7)         120.24(12) 
O(9)-C(9)-C(8)         123.79(11) O(9)-C(9)-C(10)        117.65(10) 
C(8)-C(9)-C(10)        118.56(11) C(9)-O(9)-Al           118.57(8) 
N(1)-C(10)-C(5)        123.66(11) N(1)-C(10)-C(9)        115.65(10) 
C(5)-C(10)-C(9)        120.69(10) C(12)-C(11)-C(16)      118.75(12) 
C(12)-C(11)-C(2)       121.76(11) C(16)-C(11)-C(2)       119.45(11) 
C(13)-C(12)-C(11)      120.13(12) C(14)-C(13)-C(12)      120.69(14) 
C(15)-C(14)-C(13)      119.53(13) C(14)-C(15)-C(16)      120.31(13) 
C(15)-C(16)-C(11)      120.59(13) C(22)-N(21)-C(30)      117.99(10) 
C(22)-N(21)-Al         135.71(8) C(30)-N(21)-Al         106.28(7) 
N(21)-C(22)-C(23)      121.25(11) N(21)-C(22)-C(31)      120.14(10) 
C(23)-C(22)-C(31)      118.60(11) C(24)-C(23)-C(22)      120.81(12) 
C(23)-C(24)-C(25)      119.33(11) C(24)-C(25)-C(30)      116.67(11) 
C(24)-C(25)-C(26)      124.23(11) C(30)-C(25)-C(26)      119.09(11) 
C(27)-C(26)-C(25)      119.31(11) C(26)-C(27)-C(28)      121.86(12) 
C(29)-C(28)-C(27)      120.10(12) O(29)-C(29)-C(28)      124.03(11) 
O(29)-C(29)-C(30)      117.19(10) C(28)-C(29)-C(30)      118.78(10) 
C(29)-O(29)-Al         118.06(8) N(21)-C(30)-C(25)      123.87(11) 
N(21)-C(30)-C(29)      115.26(10) C(25)-C(30)-C(29)      120.86(11) 
C(32)-C(31)-C(36)      119.07(12) C(32)-C(31)-C(22)      121.77(12) 
C(36)-C(31)-C(22)      119.16(11) C(33)-C(32)-C(31)      119.93(13) 
C(34)-C(33)-C(32)      120.48(13) C(35)-C(34)-C(33)      119.99(13) 
C(34)-C(35)-C(36)      119.93(14) C(35)-C(36)-C(31)      120.56(13) 
C(41)-C(40)-Al         114.63(10) C(56)-C(51)-C(52)      116.9(3) 
C(56)-C(51)-C(50)      121.8(2) C(52)-C(51)-C(50)      121.3(2) 
C(53)-C(52)-C(51)      121.5(2) C(52)-C(53)-C(54)      120.2(3) 
C(55)-C(54)-C(53)      119.1(3) C(54)-C(55)-C(56)      120.8(3) 
C(55)-C(56)-C(51)      121.4(3) C(62)-C(61)-C(66)      120.0 
C(62)-C(61)-C(60)      118.4(5) C(66)-C(61)-C(60)      121.6(5) 
C(63)-C(62)-C(61)      120.0 C(62)-C(63)-C(64)      120.0 
C(65)-C(64)-C(63)      120.0 C(64)-C(65)-C(66)      120.0 
C(65)-C(66)-C(61)      120.0 C(62')-C(61')-C(66')   120.0 
C(62')-C(61')-C(60')   120.8(6) C(66')-C(61')-C(60')   119.2(6) 
C(63')-C(62')-C(61')   120.0 C(64')-C(63')-C(62')   120.0 
C(65')-C(64')-C(63')   120.0 C(64')-C(65')-C(66')   120.0 
C(65')-C(66')-C(61')   120.0 C(62")-C(61")-C(66")   120.0 
C(62")-C(61")-C(60")   120.9(8) C(66")-C(61")-C(60")   119.1(8) 
C(61")-C(62")-C(63")   120.0 C(64")-C(63")-C(62")   120.0 
C(63")-C(64")-C(65")   120.0 C(64")-C(65")-C(66")   120.0 
C(65")-C(66")-C(61")   120.0  
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A6: Full list of bond lengths (Å) and bond angles (°) for compound 3.11 
Zn(1)-C(13) 1.984(2) Zn(1)-O(12)#1 2.0761(15) 
Zn(1)-O(12) 2.0776(14) Zn(1)-N(1) 2.0866(17) 
Zn(1)-Zn(1)#1 3.0998(6) N(1)-C(2) 1.325(3) 
N(1)-C(10) 1.379(3) C(2)-C(3) 1.415(3) 
C(2)-C(11) 1.498(3) C(3)-C(4) 1.362(3) 
C(4)-C(5) 1.411(3) C(5)-C(10) 1.411(3) 
C(5)-C(6) 1.417(3) C(6)-C(7) 1.358(3) 
C(6)-Cl(6) 1.739(2) C(7)-C(8) 1.407(3) 
C(7)-C(8) 1.407(3) C(8)-C(9) 1.381(3) 
C(8)-Cl(8) 1.736(2) C(9)-O(12) 1.331(2) 
C(9)-C(10) 1.429(3) O(12)-Zn(1)#1 2.0761(15) 
C(13)-C(14) 1.526(3)  
  
C(13)-Zn(1)-O(12)#1    117.05(8) C(13)-Zn(1)-O(12)      129.36(8) 
O(12)#1-Zn(1)-O(12)    83.46(6) C(13)-Zn(1)-N(1)       128.80(8) 
O(12)#1-Zn(1)-N(1)     105.43(6) O(12)-Zn(1)-N(1)       80.54(6) 
C(13)-Zn(1)-Zn(1)#1    136.86(7) O(12)#1-Zn(1)-Zn(1)#1  41.75(4) 
O(12)-Zn(1)-Zn(1)#1    41.71(4) N(1)-Zn(1)-Zn(1)#1     93.90(5) 
C(2)-N(1)-C(10)        119.85(18) C(2)-N(1)-Zn(1)        128.75(14) 
C(10)-N(1)-Zn(1)       110.29(13) N(1)-C(2)-C(3)         120.90(19) 
N(1)-C(2)-C(11)        118.25(19) C(3)-C(2)-C(11)        120.85(19) 
C(4)-C(3)-C(2)         120.2(2) C(3)-C(4)-C(5)         120.1(2) 
C(10)-C(5)-C(4)        117.1(2) C(10)-C(5)-C(6)        117.54(19) 
C(4)-C(5)-C(6)         125.38(19) C(7)-C(6)-C(5)         121.38(19) 
C(7)-C(6)-Cl(6)        119.18(17) C(5)-C(6)-Cl(6)        119.43(17) 
C(6)-C(7)-C(8)         119.8(2) C(9)-C(8)-C(7)         122.68(19) 
C(9)-C(8)-Cl(8)        119.06(16) C(7)-C(8)-Cl(8)        118.25(17) 
O(12)-C(9)-C(8)        124.12(18) O(12)-C(9)-C(10)       119.52(17) 
C(8)-C(9)-C(10)        116.36(17) N(1)-C(10)-C(5)        121.80(19) 
N(1)-C(10)-C(9)        116.01(17) C(5)-C(10)-C(9)        122.18(18) 
C(9)-O(12)-Zn(1)#1     115.56(13) C(9)-O(12)-Zn(1)       110.76(12) 
Zn(1)#1-O(12)-Zn(1)    96.54(6) C(14)-C(13)-Zn(1)      114.21(16) 
Symmetry transformations used to 
generate equivalent atoms: 
#1 -x+1,-y+1,-z+1 
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Appendix B: Homonuclear proton decoupled 
1
H {
1
H} NMR 
 
1
H{
1
H} NMR of compounds 2.11-2.20 at 248 K in toluene 
 
Fig. A1: Compound 2.11 Pi = 0.62 
 
 
Fig. A2: Compound 2.13 Pi = 0.71 
 
Fig. A3: Compound 2.14 Pi = 0.75 
203 
 
Appendices 
 
 
Fig. A4: Compound 2.15 Pi = 0.65 
 
Fig. A5: Compound 2.16 Pi = 0.75 
 
Fig. A6: Compound 2.17 Pi = 0.76 
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Fig. A7: Compound 2.18 Pi = 0.70 
 
 
Fig. A8: Compound 2.19 Pi = 0.57 
 
Fig. A9: Compound 2.20 Pi = 0.64 
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Fig. A10: Compound 2.17 melt polymerization 
 
1
H{
1
H} NMR of compounds 3.8-3.18  at 348 K in toluene 
 
 
Fig. A11: Compound 3.8 Pi = 0.56 
 
Fig. A12: Compound 3.9 Pi  = 0.75 
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Fig. A13: Compound 3.10 Pi = 0.66 
 
1
H{
1
H} NMR of compounds 3.11-3.13  at 298 K in THF 
 
Fig. A14: Compound 3.11 Ps = 0.66 
 
Fig. A15: Compound 3.12 Ps = 0.66 
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Fig. A16: Compound 3.13 Ps = 0.65 
1
H{
1
H} NMR of compounds 3.11-3.12  at 298 K in methylene chloride 
 
Fig. A17: Compound 3.11 Ps = 0.60 
 
Fig. A18: Compound 3.12 Ps = 0.60 
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1
H{
1
H} NMR of compounds 4.1-4.9 at 298 K in THF 
 
Fig. A19: Compound 4.1 Ps = 0.75 
 
Fig. A20: Compound 4.2 Ps = 0.75 
 
Fig. A21: Compound 4.3 Ps = 0.67 
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Fig. A22: Compound 4.4 Ps = 0.70 
 
Fig. A23: Compound 4.5 Ps = 0.69 
 
Fig. A24: Compound 4.6 Ps = 0.84 
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Fig. A25: Compound 4.8 Pi = 0.76 
 
Fig. A26: Compound 4.9 Pi = 0.72 
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Appendix C: TGA data 
 
Fig. A27: Thermogravimetric analysis (TGA) of PLA 1 and PLA 2 (Chapter 4) 
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Appendix D: Calculation of radii 
 
Fig. A28: DOSY spectrum of compound 2.16 in toluene-d8 
 
Fig. A29: DOSY spectrum of compound 3.8 in toluene-d8 
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Fig. A30: DOSY spectrum of compound 2.13-OiPr in toluene-d8 
 
Fig. A31: DOSY spectrum of compound 3.8-OiPr in toluene-d8 
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Fig. A32: DOSY spectrum of compound 4.8 in THF-d8 
 
Diffusion NMR experiment calculations
93
 
The 
1
H PGSE (dosy) experiment was performed on a Bruker Av500 spectrometer running TopSpin 
2.1 pl6, equipped with a z-gradient bbo/5 mm probe and a GAB 10 amp gradient amplifier providing 
a maximum gradient output of 5.35 G/cmA 
The experiment was measured unlocked using the ledbpgp2s pulse program at a temperature of 298 K 
with a gas flow of 535 L h
-1
. The spectrum was collected at a frequency of 500.13 MHz with a 
spectral width of 5000.0 Hz (centred on 5 ppm) and 32768 data points. A relaxation delay of 12 s was 
employed along with a diffusion time (big delta) of 50 ms and an eddy current delay of 5 ms. Bipolar 
gradient pulses (little delta/2) of 2.2 ms and homospoil gradient pulses of 1.1 ms were used . The 
gradient strength of the 2 homospoil pulses were -17.13 % and -13.17 % respectively. Sixteen 
experiments of twenty-four scans each were collected with the bipolar gradient strength, initially at 2 
% (1
st
 experiment), linearly increased to 95 % (16
th
 experiment). All gradient pulses were sine shaped 
and after each application a recovery delay of 200 µs used. 
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The spectra were processed using 16384 data points and an exponential function with a line 
broadening of 1 Hz. Further processing was achieved using the DOSYm software (©NMRtec). 
 
Solvent Viscosity (P) 
Toluene 5.9 x 10
-4
 
THF 4.8 x 10
-4
 
 
Calculation of the hydrodynamic radius of compound 2.16.
94
 
From the DOSY experiment the diffusion coefficient (D) was calculated for compound 2.16 in 
toluene:  
   
   
    
 
Where y = Log(D) value (from DOSY spectrum) 
 
     
    
 
           
Next the hydrodynamic radius (rs) was calculated: 
  
  
     
 
Where rz is the hydrodynamic radius, k is the Boltzmann constant, T is the temperature and η is the 
viscosity of the liquid. 
Rearrange: 
    
  
    
 
                                
                                             
 
         
The hydrodynamic radius (rs) of compound A was determined from the X-ray crystal data, assuming a 
spherical shape: 
   
 
 
     
Where V is the volume and r is the radius. 
Rearrange: 
   √
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  √
             
     
 
 
       
 
Calculation of the hydrodynamic radius of compound 3.8.
94
 
Hydrodynamic radius (rs): 
           
         
Hydrodynamic radius (rs) of compound B was determined from the X-ray crystal data: 
         
 
Calculation of the hydrodynamic radius of compound 2.13-OiPr.
94
 
Hydrodynamic radius (rs): 
           
         
 
 
 
Calculation of the hydrodynamic radius of compound 3.8-OiPr.
94
 
Hydrodynamic radius (rs): 
           
         
 
Calculation of the hydrodynamic radius of compound 4.8.
94
 
From the DOSY experiment the diffusion coefficient (D) was calculated: 
   
   
    
 
Where y = Log(D) value (from DOSY spectrum) 
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Next the hydrodynamic radius (rs) was calculated: 
  
  
     
 
Where rz is the hydrodynamic radius, k is the Boltzmann constant, T is the temperature and η is the 
viscosity of the liquid. 
Rearrange: 
    
  
    
 
                                
                                            
 
         
 
The hydrodynamic radius (rs) of compound 4.8 was determined from the X-ray crystal data, assuming 
a spherical shape: 
   
 
 
     
Where V is the volume and r is the radius. 
Rearrange: 
   √
  
  
 
 
  √
           
     
 
 
       
 
The hydrodynamic radius (rs) of compound 4.9 was determined from the X-ray crystal data, assuming 
a spherical shape: 
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Where V is the volume and r is the radius. 
Rearrange: 
   √
  
  
 
 
  √
            
     
 
 
       
Appendix E: ROESY NMR experiments of compounds 4.4 and 4.8 
 
 
Fig. A33: ROESY spectrum of compound 4.4 at 298 K 
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Fig. A34: ROESY spectrum of compound 4.4 at 234 K 
 
 
Fig. A35: ROESY spectrum of compound 4.8 at 298 K 
 
